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Publications
The following publication is directly related to the work presented in this thesis:
"Ultralong Copper Phthalocyanine Nanowires with New Crystal Structure and Broad
Optical Absorption", ACS Nano, 4 (2010) 3921. H. Wang, S. Mauthoor, S. Din, J. Gardener, R.
Chang, M. Warner, G Aeppli, D. McComb, M. Ryan, W. Wu, A. Fisher, M. Stoneham and S. Heutz.
Which has the abstract: The development of molecular nanostructures plays a major role in
emerging organic electronic applications, as it leads to improved performance and is compatible with
our increasing need for miniaturisation. In particular, nanowires have been obtained from solution or
vapour phase and have displayed high conductivity or large interfacial areas in solar cells. In all cases
however, the crystal structure remains as in films or bulk, and the exploitation of wires requires exten-
sive post growth manipulation as their orientations are random. Here we report copper phthalocyanine
(CuPc) nanowires with diameters of 10-100 nm, high directionality, and unprecedented aspect ratios.
We demonstrate that they adopt a new crystal phase, designated ÷-CuPc, where the molecules stack
along the long axis. The resulting high electronic overlap along the centimetre length stacks achieved
in our wires mediates antiferromagnetic couplings and broadens the optical absorption spectrum. The
ability to fabricate ultralong, flexible metal phthalocyanine nanowires opens new possibilities for appli-
cations of these simple molecules.
This paper can be downloaded from: http://pubs.acs.org/doi/abs/10.1021/nn100782w
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“He who sees things grow from the beginning will have the best view of them.”
-Aristotle
Abstract
The development and utilisation of phthalocyanine (Pc) materials for practical applications has
been subject of intense research due to their desirable optical, electrical, and recently discovered mag-
netic properties. Typically, in crystalline organic materials the charge transport, light absorption and
magnetisation are anisotropic and strongly depend on structure, morphology and molecular orien-
tation. Hence, an understanding of growth mechanism and controlled fabrication of thin films and
nanostructures is essential for tailoring properties desirable for specific applications. e.g., for OFETs,
crystalline thin films or one-dimensional nanostructures.
Recently, vast advancement has been made in developing functional organic films including subli-
mation in (ultra) high vacuum using organic molecular beam deposition (OMBD). This environment
can provide the essential material purity and structural reproducibility required in future high per-
formance optoelectronic device applications, but is unfortunately costly. In this thesis, we introduce
a lesser-known technique, organic vapour phase deposition (OVPD), operating at lower cost but still
maintaining high purity. The morphology, crystallinity, spectroscopic characteristics and structure of
copper phthalocyanine (CuPc) thin films and nanostructures have been investigated and their depen-
dence on deposition conditions, i.e., substrate temperature and substrate type has been studied.
We compare films obtained by OMBD and OVPD and find di erent morphological and structural
changes; the surface morphology changes from granular to larger nano-fibrous and nano-whiskers
with increasing substrate temperatures. In OMBD, the structure in a small proportion of the film
changes from –-CuPc to —-CuPc at a substrate temperature of 200 ¶C. In the case of OVPD films,
extensive study of the influence of parameters such as deposition pressure, deposition time and source to
substrate distance is performed and variation in film morphology, texture, structural composition and
molecular orientation is observed. We find that by successive growth of films produced by OMBD and
OVPD, the molecular orientation can be controlled by the first “seed” layer. With further processing
and optimisation, it is hoped that this could be used to create interpenetrating networks of di erent
organic materials and optimal molecular orientation. We also demonstrate the fabrication using OVPD
of high density CuPc nanowires with typical diameters between 10 - 100 nm, high directionality, and
exceptional aspect ratios. We show that these nanowires are of a new crystal phase, named eta-CuPc.
Lastly, OFETs fabricated with OMBD and OVPD grown CuPc thin films and nanowires are
characterised. The current on/o  ratio, mobilities and threshold voltage for thin films produced by
the two methods are comparable and similar to what has been reported in literature. In contrast,
OFETs with CuPc nanowires show remarkable improvement in turn-on voltage, while mobilities also
iv
seem to improve dramatically, although this is di cult to quantify. The challenges in growing CuPc
nanowires directly on FETs with precise control of position and directionality are reviewed. The key
issues that need to be resolved for future applications of these one-dimensional nanostructures are
identified and are subject of on-going research.
To conclude, this work has made important contribution in the e orts to develop, improve and
enhance the deposition methods for fabricating functional thin films and nanostructures of CuPc
material for use in organic electronic devices.
Acknowledgements
In the name of God. Most Gracious, Most Merciful.
This thesis could not have been carried out without the help of many people. First of all and most
importantly I would like to express my sincere gratitude to my supervisor, Dr Sandrine Heutz for
all the invaluable advice, patience and support along my PhD. This work was supported by the UK
research council (EPSRC) - CASE award. I would like to thank the friends from Kurt J. Lesker for
valuable experience and financial support.
I would also like to extend my thanks to the scientists in the London Centre for Nanotechnology
(LCN) who have been very helpful, including Prof Gabriel Aeppli, Dr Solveig Felton, and Dr Marc
Warner on the inspiring discussions about experimental results, Prof Andrew Fisher, Dr Wei Wu on
the theoretical issues, and James Stott for helping with device fabrication and characterisation. Also,
I would like to thank my colleagues in Dr Heutz’s group, Dr Soumaya Mauthoor, David, Zhenlin,
Michele, Amy, Junwei, James and Alex for all the help and advices.
I am also grateful to Prof Neil Alford, Dr Peter Petrov and Dr Bin Zou for providing access
to the thin film characterisation laboratory, Dr Mahmoud Ardakani for all the electron microscopic
observations and Mr Richard Sweeney for the X-ray di ractometry scans and Dr Thomas Anthopoulos
for providing lab equipments. Finally, I would like to express my deepest thanks to my family members.
Their love and support has always been the biggest encouragement to me especially my mother, who
always has confidence in me.
vi
Contents
Declaration of Authorship i
Publications ii
Abstract iv
Acknowledgements vi
List of Figures xii
List of Tables xv
Abbreviations xvi
Symbols xviii
1 Introduction and Literature Review 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Organic semiconductors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Molecular Material Phthalocyanine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.1 Structural Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.2 UV-Vis absorption of CuPc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.3 Pc thin films and nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.3.4 Overview of Phthalocyanine thin films and nanostructures . . . . . . . . . . . . 12
1.4 Organic Semiconductor Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.1 MIS diode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.2 Organic thin film Field-E ect transistors (OFETs) . . . . . . . . . . . . . . . . 16
1.4.3 Current (I) Voltage (V) Characteristic . . . . . . . . . . . . . . . . . . . . . . . 17
1.4.4 Charge carrier transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.4.5 Brief literature review on CuPc based Transistor . . . . . . . . . . . . . . . . . 22
1.5 Thesis Objectives and Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2 Thin Film Deposition and Characterisation Techniques 26
2.1 Thin Film deposition process steps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.1.1 Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.1.2 Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.1.3 Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
vii
Contents viii
2.1.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2 Organic Molecular Beam Deposition (OMBD) and OMBE . . . . . . . . . . . . . . . . 33
2.3 Organic vapour Phase Deposition (OVPD) . . . . . . . . . . . . . . . . . . . . . . . . 35
2.3.1 Principles of OVPD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.4 Comparison between OMBD and OVPD . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.5 UHV system for deposition of CuPc films . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.5.1 High substrate temperature deposition . . . . . . . . . . . . . . . . . . . . . . . 41
2.6 Evaporation of CuPc by organic vapour phase deposition . . . . . . . . . . . . . . . . 42
2.6.1 Temperature ramp & gradient . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.6.2 Standard conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.6.3 Mean free path and flow nature . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.7 Substrates used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.8 Substrate cleaning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.9 Electronic Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.9.1 Single Molecule spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.9.2 Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.10 X-ray Di raction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.10.1 Crystal lattice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.10.2 Bragg’s Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.10.3 Determination of crystallites sizes . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.11 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
2.12 Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
2.13 Current-Voltage characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.14 Thin film calibration and monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2.14.1 In-situ Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.14.2 Ex-situ Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3 CuPc Thin Films grown by OVPD 65
3.1 Influence of substrate temperature, T sub . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.1.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.1.2 Spectroscopic and Structural characterisation . . . . . . . . . . . . . . . . . . . 71
3.1.2.1 Mixing of – and — CuPc polymorphs . . . . . . . . . . . . . . . . . . 72
3.1.2.2 Film thickness calibration . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.1.2.3 Structural analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.2 Influence of deposition time, tdep . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.2.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.2.2 Spectroscopy and Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.2.3 Film thickness and deposition rate analysis . . . . . . . . . . . . . . . . . . . . 80
3.2.4 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.3 Influence of deposition pressure, Pdep . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.3.1 Deposition rate and Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.3.2 Structural and Spectroscopic characterisation . . . . . . . . . . . . . . . . . . . 85
3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4 CuPc Thin Films grown by OVPD -
E ect of Substrate Type 89
4.1 Films of CuPc on ITO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.1.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Contents ix
4.1.2 Spectroscopic and Structural characterisation . . . . . . . . . . . . . . . . . . . 93
4.2 Films of CuPc on SiNx . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.2.1 Morphology and structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.2.2 Influence of deposition time and substrate temperature on CuPc film growth on
SiNx substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.3 Films of CuPc on gold (Au) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.3.1 Au substrate characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.3.2 CuPc film growth on Au under standard conditions . . . . . . . . . . . . . . . 109
4.3.2.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.3.2.2 Structural characterisation . . . . . . . . . . . . . . . . . . . . . . . . 111
4.3.3 Influence of deposition rate Rdep and substrate temperature on CuPc film growth
on gold substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.3.3.1 Morphology and structural characterisation . . . . . . . . . . . . . . . 113
4.3.4 Influence of deposition time and substrate temperature on CuPc film growth on
gold substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
4.3.4.1 Morphology and structural characterisation . . . . . . . . . . . . . . . 116
4.4 CuPc FET fabrication by OVPD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.4.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.5 Films of CuPc on flexible Kapton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.5.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.5.2 Spectroscopy and X-ray di raction measurements . . . . . . . . . . . . . . . . . 120
4.6 Growth model & Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5 CuPc Nanowires - A new polymorph 124
5.1 CuPc Nanowires via OVPD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.1.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
5.1.2 Structural and optical characterisation . . . . . . . . . . . . . . . . . . . . . . . 126
5.2 CuPc Nanowires via BOVPD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
5.2.1 Customised OVPD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.2.2 Morphology and Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
5.3 ÷-CuPc nanowires FET device integration . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.3.1 In-situ Custom-designed nanowires growth with flow channel . . . . . . . . . . 134
5.3.2 Ex-situ substrate stamping transfer technique . . . . . . . . . . . . . . . . . . . 135
5.3.3 Integrity transferred CuPc nanowires and film . . . . . . . . . . . . . . . . . . . 137
5.4 CuPc nanowires growth mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
6 CuPc Thin Films grown by OMBD 141
6.1 Influence of substrate type on film properties. . . . . . . . . . . . . . . . . . . . . . . . 142
6.1.1 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
6.1.2 Crystal Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
6.1.3 Optical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.1.4 CuPc film deposition on FET structures . . . . . . . . . . . . . . . . . . . . . . 145
6.2 E ect of substrate conditions on CuPc film properties . . . . . . . . . . . . . . . . . . 146
6.2.1 CuPc films on ITO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
6.2.2 CuPc film on Au substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
6.2.3 CuPc on TFT structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
6.3 Controlling molecular orientation of CuPc films on top of CuPc film . . . . . . . . . . 152
6.3.1 CuPc seed film . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
Contents x
6.3.2 CuPc Seed / CuPc film . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
7 CuPc Field E ect Transistors (FETs) 157
7.1 CuPc Films Transistors using OMBD . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
7.1.1 Transistor I-V measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
7.2 CuPc Thin-Film Transistors using OVPD . . . . . . . . . . . . . . . . . . . . . . . . . 164
7.2.1 Influence of growth conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
7.2.2 I - V characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
7.3 CuPc Nanowire Transistors using OVPD . . . . . . . . . . . . . . . . . . . . . . . . . . 168
7.3.1 Influence of growth conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
7.3.2 I - V characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
7.4 Morphology and transport properties correlation . . . . . . . . . . . . . . . . . . . . . 174
7.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
8 Conclusions and Further work 177
A CuPc polymorphs and scattering angles 180
B CuPc NWs FETs 182
Bibliography 187
To my Family. . .
xi
List of Figures
1.1 Molecular structure of common organic semiconducting molecules . . . . . . . . . . . . 4
1.2 Molecular orbitals and energy diagram. . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Chemical structure of Phthalocyanines(Pcs) . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Schematic diagrams of packing in aromatic crystals. . . . . . . . . . . . . . . . . . . . 8
1.5 Schematic diagrams of packing motif in –- and —-CuPc polymorphs . . . . . . . . . . 9
1.6 The packing motif for the ÷-CuPc crystal structure proposed by Wang et al. [48, 49]. . 10
1.7 UV-Vis absorption of previously reported CuPc films and nanowires . . . . . . . . . . 11
1.8 Reported morphology of CuPc films grown using OVPD in various conditions [81]. . . 13
1.9 Schematic sketch of an MIS diode and energy band diagram. . . . . . . . . . . . . . . 14
1.10 Schematic illustration of band bending in a p-type inorganic MIS diode. . . . . . . . . 15
1.11 Di erent schematic structures of field-e ect transistor devices. . . . . . . . . . . . . . . 16
1.12 Schematic sketch cross-section of a p-type OFET in operation. . . . . . . . . . . . . . 18
1.13 Linear regime operation of CuPc OFET . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.14 Saturation regime operation of CuPc OFET . . . . . . . . . . . . . . . . . . . . . . . . 19
1.15 Transfer characteristics of a typical OFET device. . . . . . . . . . . . . . . . . . . . . 20
1.16 Schematic diagram of grain boundaries and charge transport mechanism in thin films. 22
1.17 CuPc OFET devices morphology and performance reported by Bao et al. in 1996 [35]. 23
2.1 Thin films deposition process steps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.2 Schematic diagram showing atoms / molecules interactions with substrate surface. . . 30
2.3 Three modes of thin film growth processes. . . . . . . . . . . . . . . . . . . . . . . . . 31
2.4 Thin film deposition techniques and classification. . . . . . . . . . . . . . . . . . . . . 33
2.5 Schematic diagram of conceptual OVPD system and growth regimes. . . . . . . . . . . 37
2.6 Schematic 3D sketch of an OMBD system for thin film deposition in high vacuum. . . 40
2.7 Homebuilt OVPD system and setup schematic . . . . . . . . . . . . . . . . . . . . . . 43
2.8 OVPD operation schematic and temperature profile in 3D. . . . . . . . . . . . . . . . . 45
2.9 Mean free path calculations of CuPc molecules in OVPD as function of growth conditions. 46
2.10 Schematic showing, Jablonski diagram, principle of excitation and emission and molec-
ular band gap. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.11 Schematic of conventional optical spectrometer. . . . . . . . . . . . . . . . . . . . . . . 50
2.12 Miller indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.13 Bragg di raction from a set of (hkl) planes. . . . . . . . . . . . . . . . . . . . . . . . . 53
2.14 Typical optical detection scheme in atomic force microscope . . . . . . . . . . . . . . . 55
2.15 The main components of a scanning electron microscope and interaction volume. . . . 56
2.16 Schematic Cross section view of an organic thin film transistor (OTFT) . . . . . . . . 58
2.17 Camera photograph of I-V measurements setup . . . . . . . . . . . . . . . . . . . . . . 60
2.18 SEM cross section view of a 100nm CuPc film on glass substrate. . . . . . . . . . . . . 61
2.19 UV-Vis absorption of CuPc thin films and estimated thicknesses. . . . . . . . . . . . . 64
xii
3.1 Schematic of OVPD growth chamber in standard growth conditions. . . . . . . . . . . 67
3.2 SEM images of OVPD grown CuPc films on glass at di erent T sub. . . . . . . . . . . . 70
3.3 UV-Vis absorption of OVPD grown CuPc films on glass at di erent T sub. . . . . . . . 72
3.4 Optical absorption spectra of –, — and ÷-phase CuPc and linear combination. . . . . . 73
3.5 Cross-section SEM image and estimated deposition rates of CuPc films. . . . . . . . . 74
3.6 XRD patterns of CuPc films grown in OVPD standard conditions. . . . . . . . . . . . 75
3.7 Lorentzian fitting to XRD pattern of CuPc films grown in standard conditions. . . . . 75
3.8 SEM images of CuPc films grown at di erent deposition time, tdep. . . . . . . . . . . . 78
3.9 UV-Vis absorption spectra of OVPD grown films at di erent T sub and tdep. . . . . . . 79
3.10 Deposition rate vs. deposition time and film thickness as function of tdep . . . . . . . . 81
3.11 XRD patterns of OVPD grown films at di erent T sub and tdep. . . . . . . . . . . . . . 82
3.12 Morphology of OVPD grown films at di erent T sub and Pchamber . . . . . . . . . . . . 84
3.13 Deposition rate, film thickness and chamber pressure relationship at di erent T sub . . 85
3.14 Influence of deposition pressure on UV-Vis absorption and XRD pattern of CuPc films
at di erent T sub . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.1 SEM images of OVPD grown CuPc films on ITO (112) at di erent T sub. . . . . . . . . 92
4.2 UV-Vis absorption of OVPD grown CuPc films on ITO (112) at di erent T sub. . . . . 94
4.3 Deposition rates of OVPD grown CuPc films on ITO (112) at di erent T sub. . . . . . 96
4.4 XRD patterns of OVPD grown CuPc films on ITO (112) with di erent T sub. . . . . . 97
4.5 Molecular orientation of CuPc with respect to the – (100) and —(001) di racting planes. 98
4.6 SEM images of OVPD grown CuPc films on bare SiNx with di erent T sub. . . . . . . 101
4.7 XRD patterns of OVPD grown CuPc films on amorphous SiNx with di erent T sub. . . 102
4.8 SEM images of OVPD grown CuPc films on SiNx with di erent growth times and T sub. 106
4.9 XRD patterns of OVPD grown CuPc films on SiNx with di erent substrate temperatures
and growth time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.10 SEM images and XRD patterns of OVPD treated Au (111) substrates with di erent
T sub. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.11 SEM images of OVPD grown CuPc films on Au (111) with di erent T sub. . . . . . . . 111
4.12 XRD patterns of OVPD grown CuPc films on Au (111) with di erent T sub. . . . . . . 112
4.13 SEM images of OVPD grown CuPc films on Au(111) with di erent T source and T sub. 114
4.14 XRD patterns of OVPD grown CuPc films on Au (111) with di erent T source and T sub. 115
4.15 SEM, OVPD grown CuPc on Au (111) on SiNx with di erent growth times and T sub . 117
4.16 XRD, OVPD grown CuPc on Au (111) coated on SiNx with di erent substrate temper-
atures and growth time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.17 SEM images of CuPc OFET at di erent T sub . . . . . . . . . . . . . . . . . . . . . . . 119
4.18 SEM images of CuPc films grown on Kapton at di erent T sub for 100 minutes. . . . . 121
4.19 XRD and UV-Vis, 100 minutes OVPD grown CuPc on Kapton with di erent T sub . . 121
4.20 Proposed growth model for CuPc films on various substrate. . . . . . . . . . . . . . . . 123
5.1 Morphology of CuPc nanowires grown with OVPD system. . . . . . . . . . . . . . . . 127
5.2 Structural and optical characterisation of CuPc nanowires grown with OVPD. . . . . . 128
5.3 Customised homebuilt OVPD system for high through put and purification of CuPc. . 129
5.4 Novel ÷-CuPc nanowires growth with B-OVPD . . . . . . . . . . . . . . . . . . . . . . 131
5.5 Fibrous film and —-phase single crystal growth with B-OVPD . . . . . . . . . . . . . . 131
5.6 Spectroscopic and structural properties of CuPc nanowires, films and single crystals. . 132
5.7 Direct growth of ÷-CuPc nanowires on FET device structures with B-OVPD . . . . . 134
5.8 Channeling the carrier gas flow for direct growth of ÷-CuPc nanowires on FET structures
with B-OVPD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5.9 Schematic diagram showing flow pattern through channels in B-OVPD. . . . . . . . . 136
5.10 Schematic showing stamp transferring technique . . . . . . . . . . . . . . . . . . . . . 137
5.11 Stamp transfer of CuPc nanowires and fibrous film . . . . . . . . . . . . . . . . . . . . 138
5.12 UV-Vis absorption of CuPc nanowires and film before and after stamping transfer . . 138
5.13 Schematic sketch of nanowires growth mechanism . . . . . . . . . . . . . . . . . . . . . 139
6.1 SEM images of OMBD grown CuPc films on various substrates at RT. . . . . . . . . . 143
6.2 XRD patterns of OMBD grown CuPc films on various substrates at RT. . . . . . . . . 144
6.3 UV-Vis absorption spectra of OMBD grown CuPc of various thicknesses on glass at RT. 145
6.4 OMBD grown CuPc FETs at RT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
6.5 OMBD grown CuPc film on ITO at (T sub) of 200 ¶C . . . . . . . . . . . . . . . . . . . 147
6.6 Structural and optical properties of CuPc film deposited at 200 ¶C on ITO . . . . . . 149
6.7 SEM images of CuPc films deposited on Au substrate at two di erent substrate tem-
peratures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.8 Structural and optical properties of CuPc film deposited at 200 ¶C on semi-transparent
Au substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
6.9 SEM images of CuPc FET at substrate temperature of 200 ¶C . . . . . . . . . . . . . 152
6.10 SEM images of templated and bilayer CuPc films . . . . . . . . . . . . . . . . . . . . . 154
6.11 XRD patterns of templated and bilayer CuPc films. . . . . . . . . . . . . . . . . . . . 155
7.1 Schematic of FET devices substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
7.2 Typical I-V characteristics of OMBD fabricated CuPc FET Devices. . . . . . . . . . . 160
7.3 Channel length ’L’ e ect on I-V properties of OMBD fabricated CuPc FET Devices. . 161
7.4 Dependence of the µ, Vth and hysteresis on the CuPc FETs with di erent channel
lengths and dielectric layers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
7.5 SEM images of OVPD deposited CuPc at di erent substrate on SiO2 FET substrates 165
7.6 I-V characteristics of OVPD CuPc FETs at various substrate temperatures using SiO2
gate dielectric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
7.7 SEM images of an array of CuPc NWs FETs . . . . . . . . . . . . . . . . . . . . . . . 170
7.8 SEM images of three kind of CuPc NWs coverage on FETs . . . . . . . . . . . . . . . 171
7.9 I-V characteristics of CuPc nanowires FETs . . . . . . . . . . . . . . . . . . . . . . . . 173
B.1 Layout of an array of CuPc NWs FETs . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
B.2 Output characteristics of many NW FETs . . . . . . . . . . . . . . . . . . . . . . . . . 183
B.3 Transfer characteristics of di erent NW FETs with di erent Channel lengths . . . . . 184
B.4 Linear regime transfer characteristics of many NW FETs . . . . . . . . . . . . . . . . . 185
B.5 Saturation regime transfer characteristics of many NW FETs . . . . . . . . . . . . . . 186
List of Tables
3.1 Structural analysis of CuPc films grown on glass in OVPD standard conditions. . . . . 77
4.1 Deposition rates of OVPD grown CuPc films on ITO (112) at di erent T sub. . . . . . 95
4.2 Structural analysis of CuPc films deposited on ITO coated glass. . . . . . . . . . . . . 99
4.3 Structural analysis of CuPc films deposited on bare SiNx with di erent T sub. . . . . . 104
4.4 Source and substrates temperatures ramping summary. . . . . . . . . . . . . . . . . . . 105
4.5 Structural analysis of CuPc films deposited on Au coated SiNx substrate with di erent
T sub. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.6 Structural analysis of CuPc films deposited on Au coated SiNx substrate with di erent
deposition rates Rdep and T sub. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
7.1 Mean values and corresponding standard deviations of field-e ect mobilities, threshold
and hysteresis voltages of CuPc films FETs deposited at RT on di erent substrate
dielectrics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
7.2 Parameters of CuPc thin-film transistors with SiO2 and SiNx gate dielectrics at various
substrate temperatures. Channel length is varied from 10 to 50 µm and width kept
constant at 500 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
7.3 Nanowire field e ect transistor parameter summary showing individual devices ’X’, ’Y’
and ’Z’ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
A.1 List of 2◊ scattering angle (¶) of the most notable peaks in the powder X-ray di raction
patterns from the commonly known CuPc polymorphs [ ◊ - 2◊ configuration and X-ray
⁄ = 1.54Å]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
xv
Abbreviations
1D One Dimensional
AFM Atomic Force Microscopy
AO Atomic Orbital
CuPc Copper Phthalocyanine
CVD Chemical Vapor Deposition
DFT Density Function Theory
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
MBE Molecular Beam Epitaxy
MIS Metal Insulator Semiconductor
MO Molecular Orbital
MOSFET Metal Oxide Semiconductor Field E ect Transistor
MPc Metal Phthalocyanine
MR Magnetoresistance
NWs Nano Wires
OFET Organic Field E ect Transistor
OLEDs Organic Light Emitting Diodes
OMBD Organic Molecular Beam Deposition
OVPD Organic Vapour Phase Deposition
Pcs Phthalocyanines
PV Photovoltaic
PVD Physical Vapor Deposition
QCM Quartz Crystal Microbalance
RMS Root Mean Suared
Sc Sticking Coe cient
sccm Standard Cubic Centimeter per Minute
xvi
SEM Scanning Electron Microscopy
TFTs Thin Film Transistors
UHV Ultra High Vaccum
UV-Vis Ultraviolet-Visible
VTE Vacuum Thermal Evaporation
XRD X-Ray Di raction
Symbols
Symbol Definition
– Alpha
— Beta
“ Gamma
÷ Eta
◊ Theta
µ Mu
ﬁ Pi
‡ Sigma
µ Charge mobility
µsat Saturated charge mobility
ID Drain current
VD Drain voltage
VG Gate voltage
V th Threshold voltage
T sub Substrate temperature
T source Source temperature
Pcham Chamber pressure
tdep Deposition time
Pdep Deposition pressure
rdep Deposition rate
  H vap Evaporation enthalpy
xviii
Chapter 1
Introduction and Literature Review
1.1 Introduction
Interest in the past decades has grown over the use of organic semiconductors as they have demon-
strated unique opto-electrical properties. Their applicability in new technologies, ease of manipulation
and low manufacturing costs have all attributed to specific interest by the research community. Pre-
vious achievements related to organic electronics have now come to the attention of industry leading
technology firms who have their in house research and development teams. The result of this work
has seen new organic electronic devices enter the consumer market. Some of the physical properties of
organic materials have superseded its counterparts and given rise to flexible, lightweight and cheaper
electronic devices such as light emitting (OLEDs), photovoltaic (OPVs) and transistor devices [1, 2].
Over the last decade much improvements in understanding the materials properties and device
processing has been achieved. Organic materials inherently are able to be manipulated and tailored
to bring about specific features for electronic applications e.g. improved lifetime, environmental sta-
bility, processing and reasonable charge carrier mobility. The di erent forms of processing techniques
developed are able to deposit and fashion specific patterns using organic materials whilst enhancing
their properties. Despite this a deeper understanding of processing techniques is important as it forms
the basis with which were are able to fabricate better devices.
1
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Organic semiconducting materials can either be placed in a polymer or small molecule group [3].
The small molecular materials show strong anisotropy perpendicular and parallel to the molecular
plane, which gives them unique opto-electrical and magnetic properties. These properties of small
organic molecules make it ideal for new applications such as photovoltaics [4, 5], transistors [1, 6–
8], spin valves [9–12] or large-area displays [6, 13–15]. When compared to polymers their ability
to form ordered crystalline structures resulting in closed packed molecules enhance the ﬁ-ﬁ overlap,
which is the basis for their charge transport and semiconducting properties [16]. In order to develop
most light emitting diodes and photovoltaics, materials with high interfacial areas are required [17].
Furthermore, highly ordered structures (ideally one dimensional) are required to increase the charge
transport properties of those materials [18, 19].
Recent advancements in the field of thin film deposition has been by the use of (ultra) high vacuum
thermal evaporation (VTE) [20–22]. The use of VTE when organic film growth is concerned has been
termed Organic Molecular Beam Deposition (OMBD). The advantages of this method are that it o ers
greater control over the environmental conditions such as being impurity free and high vacuum. Both of
these factors ensure that the film growth is impurity free and grown with a good structure. The result
is devices that are consistent and e cient. Unfortunately this process isn’t without its limitations as it
is costly and has limited throughput. Furthermore, keeping the homogeny of deposition thickness and
material concentration is di cult for large area applications when using the high vacuum evaporation
process [23].
Taking on the developments of OMBD and working on the large scale deposition shortfall, Forrest
et al. [24], were able to improve on this process by being able to deposit thin films with uniformity
whilst being cost e ective. This method was termed Organic Vapour Phase Deposition (OVPD).
OVPD works by thermally controlling the evaporation of organic compounds in the presence of inert
gases. This method improves control of the source material and is adjustable to ensure a fast, uniform
and impurity free deposition over large scale substrates. The inert gas acts as a carrier for the thermally
evaporated organic compound allowing it to be deposited on the substrate. Furthermore, the ability to
control many parameters such as pressure, gas flow rate and substrate temperature during deposition
can allow fabrication of thin films and nanostructures with high interfacial areas that are beneficial
for obtaining higher performances in devices.
This thesis focuses on the growth and properties of copper phthalocyanine (CuPc) films and
nanostructures using a combination of deposition and characterisation techniques. Phthalocyanine
(Pc) and metallo-phthalocyanine (MPcs) in particular, exhibit unique chemical and physical properties.
This has made it an ideal candidate in the use of practical applications such as organic devices.
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Much research has been done in recent years to better understand its structural growth behaviour
by altering the di erent parameters and observing the e ect on their properties. Prior studies have
been able to indicate that MPcs are a semiconductor with direct energy band gaps, which can be
further tailored. MPcs physical makeup and the density of the Pc molecule packing ensure that the
high electron mobility makes it suitable for organic transistor applications [8]. Despite all the research
a full understanding on the growth of Pc structures has not been fully understood. To fully realise
the full capacity of future devices, fabrication of CuPc structures on a nano scale is fundamentally
important.
Thin films of CuPc have been grown by organic vapour phase deposition and organic molecular
beam deposition techniques under various growth conditions and on di erent substrates to study the
e ects of those parameters on the final film properties. This study also involves the fabrication of
highly ordered one dimensional (1D) nanowires grown by vapour phase deposition. By optimising
di erent growth parameters, film properties such as the structure, morphology and crystallinity of
the films are investigated and the best set of parameters are used to further investigate the film
properties by using di erent substrate types. The charge transport properties of these films and
nanostructures, which are strongly linked to the properties of organics in solid form [19], are also
investigated in a transistor configuration. Lastly, a relationship between the deposition technique,
growth conditions and films/nanowire properties has been drawn through investigating the numerous
techniques that allow growth and characterisation of thin films and nanowires of copper phthalocyanine
(CuPc) material.
The following sections of this chapter introduce organic semiconducting materials. Thereafter, the
properties of phthalocyanine materials briefly explained. Finally, the architecture and operation of a
unipolar p-type organic field e ect transistor is discussed and relevant literature is reviewed.
1.2 Organic semiconductors
Organic semiconducting compounds have been known and studied since the early 1900s and one of the
first compounds to be studied by Pochettino [25], for its photoconductive properties was Anthracene
crystals. Despite early interest in this work only a few publications of this field occurred between the
1940s and the 1960s. It wasn’t until the 1960s that the first reviews of the work spearheaded the
three decades of research growth that has occurred globally across many research facilities. Recently
organic based devices have had a surge of industrial interest and several devices has made it to market
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from leading blue chip companies. Organic applications range from personal electronics, automotive,
telecommunications and home electrical.
Organic compounds are based on the core elements such as carbon, hydrogen, oxygen and nitrogen.
Carbon forms the fundamental basis of almost everything that exists. As such in its basic makeup
very complex molecular structures can be formed. The variety of electrical and structural properties
is what makes organic materials advantageous over non-organic materials. By physically altering its
molecular structure the material can be tailored with specific properties for specific applications such
as optoelectronics. Organic compounds, unlike their inorganic counterparts, are able to be modified
extensively making them ideal in the construction of new devices. One of the most exploited property
of organic materials are the weak van der Waal intermolecular forces that enable it to be used in the
construction of flexible electronic devices such as organic light emitting devices [26].
As mentioned earlier, organic semiconducting materials can be categorised in two large groups
categories: molecular and polymer materials. Since the basic properties of these materials are similar
and because the material investigated in the course of this thesis is a molecular compound (i.e., CuPc),
the subsequent sections will only concentrate on molecular materials.
ﬁ-conjugated systems
Organic molecular semiconductors are materials that exhibit semiconducting properties. In compar-
ison to polymers, which are long chains of repeating units, molecules can also vary in size, shape
and complexity. For example, molecules like anthracene and pentacene are relatively small and sim-
ple compared to larger size molecules like phthalocyanines which are more complex, shown in Figure
1.1. Copper phthalocyanine (CuPc) of metal-phthalocyanines (MPcs) family is the focus of this thesis.
Anthracene
(C14H10)
Pentacene
(C22H14)
CuPc 
(C22H16N8Cu)
(a) (b) (c)
Figure 1.1: Molecular structure of three organic semiconducting molecules; (a) anthracene, (b)
pentacene, and (c) Copper phthalocyanine (CuPc).
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A common feature that makes all organic semiconductors di erent from their inorganic counterpart
is the existence of a ﬁ-conjugated electron system. The formation of a conjugated system can be
described by the electronic configuration of the binding carbon atoms [27]. In a single free carbon
atom electrons occupy the atomic orbitals (AO) with two electrons in each of the 1s, 2s and 2p (px,
py and pz) orbitals. According to "molecular orbital theory" these atomic orbitals can overlap and
combine with orbitals of second neighbouring atom and form molecular orbitals (MOs). When a single
bond is formed between two atoms, it is referred to as sigma ( ‡) bond or ‡-orbital. ‡-bond occurs
when two orbitals are lined up and overlap to create a bond. The bonding ‡-orbitals are lower in
energy than the original orbitals and can accommodate two electrons. A higher-energy anti-bonding
‡ú-orbital is also formed but this is left unoccupied.
π*
!
π
PzPz
sp2sp2
LUMO
HOMO
(c)
(b)
(a)
C C
H
H
H
H
pz
π
C2H4
!*
Figure 1.2: Structure of ethene (a), schematic sketch of the ‡- and ﬁ-bonds and (c) Illustration of
molecular orbitals configuration with two overlapping sp2 and pz orbitals; bonding and anti-bonding.
In a case when two carbon atoms are bound by a double bond, for example in ethene, an sp2-
hybridisation is realised. One s-orbital combines with two p-orbitals (px, py) and form three degener-
ated (equal energy) orbitals while leaving the last 2pz electron in the original p-orbital. Consequently,
the sp2 orbitals of two carbon atoms overlap and form a bonding, ‡, and an anti-bonding ‡ú-molecular
orbitals. The pz orbitals which remain perpendicular to the molecular plane, Figure 1.2(b), can also
overlap with neighbouring pz orbitals and form a bonding, molecular ﬁ- and an anti-bonding molecu-
lar ﬁú-orbitals. The two electron occupy the ﬁ-orbital, while the ﬁú-orbital is left unoccupied. These
are often referred to as highest occupied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO), respectively. These orbitals accumulate and extend over the whole molecule
which result in one large volume of delocalised electrons to form that can move ’freely’ over the entire
molecule. The term "ﬁ-conjugated" is generally used to describe organic molecular solids with such
delocalised orbitals. Compared to ‡-bond the strength of the ﬁ-bond is relatively weak this is because
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the overlap between the perpendicular pz-orbitals is less pronounced than that of head-to-head overlap
of sp2-orbitals. The energy di erence or the splitting between the ﬁ-ﬁú levels is smaller than that of
‡-‡ú levels, as illustrated in Figure 1.2(c). Optical or thermal excitation can raise an electron from the
HOMO to LUMO level. For larger sized molecules additional electronic bands are created, following
further splittings of the energy levels.
The charge carrier transport in organic semiconducting materials is achieved due to the overlap of
ﬁ-orbitals from one molecule with those of it adjacent molecules. In order to enhance the conduction
properties of a material it is essential to maximise the ﬁ-orbital overlap. This can be achieved by
close packing the molecules and fabricating defect free crystalline and ordered structures. For smaller
molecules the low symmetry has high anisotropic conduction as the charge carrier transport path is
perpendicular to the molecular plane, which is also the path for maximum ﬁ-overlap.
1.3 Molecular Material Phthalocyanine
Phthalocyanine were first reported in 1907 as by-product of a chemical reaction between acetic acid
and phthalimide [28]. This blue by-product was metal-free phthalocyanine (H2Pc), which we know
today. CuPc was discovered later by accident in 1927 by two researchers in Switzerland. These blue
complexes were commented upon for their chemical stability but were not fully characterised [29].
Following these encounters, the real discovery of phthalocyanine was made at Scottish Dyes Ltd (later
became Imperial Chemical Industries). At first the phthalocyanines were used simply as dyes and
pigments [30]. In addition to a vast group of other organic molecular materials phthalocyanines have
been extensively developed and used in a wide range of applications, such as, catalyst and gas sensors
[31–34], field e ect transistors [8, 35], optoelectronics [4, 17, 36–38], and more recently spintronics
[12, 39].
The chemical structure of metallo-phthalocyanine (MPc) and metal-free phthalocyanines are shown
in Figure 1.3. The figure illustrates that the phthalocyanine molecules consist of four identical units
(iminoisoindoline), making up the symmetric ring structure. The molecules are relatively small with
side length (diameter) reported to be approximately 1.4nm [40]. Derived from porphin, Pcs are
ﬁ-conjugated systems where 18ﬁ-electrons are delocalised and free to move around the aromatic struc-
ture. Since the organic ring is in 2≠ oxidation state, therefore the central region is capable of accom-
modating H+ ions and around 70 other distinct metal ions [30] such as Cu2+, Fe2+, Ni2+, Zn2+ and
Co2+. The planar structure of MPcs is greatly a ected by the size of residing cation [30, 41], For
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instance, in lead phthalocyanine, the Pb2+ ion sits out of the plane.
C
N
H
Cu2+
~1
.4
 n
m
(b)(a)
Figure 1.3: The chemical structures of (a) Metal-free phthalocyanine (H2Pc) and (b) Copper ph-
thalocyanine (CuPc).
The chemical, physical, magnetic and electronic absorption properties of Pcs vary with the kind
of metal ions present in the central cavity [40, 42, 43]. Metallo-phthalocyanines (MPc) in general have
interesting electrical properties that makes these compounds very attractive for various applications.
Phthalocyanines are also know for their thermal and chemical stabilities [44]. Among all the di er-
ent phthalocyanines, copper phthalocyanine (CuPc) has been studied the most. Just like the other
phthalocyanines, CuPc can be modified in di erent ways for example, CuPc being a p-type semicon-
ductor in its original form can be made into an n-type (i.e., F16CuPc) by replacing the outer hydrogen
atoms with halogens without interrupting the planar structure.
1.3.1 Structural Properties
Due to the planar structure of Pcs, molecules pile up face-to-face in columnar form as shown in Figure
1.4. Within columns, the primary forces involved are van der Waals (VW) and ﬁ - ﬁ interactions,
causing spatial arrangements of Pcs molecules. Hence multiple molecular arrangements are possible
depending upon di erent growth conditions and di erent polymorphs can be observed. Polymorphism
is defined as the ability of a material in its solid state to exist in more than one form or crystalline
structure. For phthalocyanine (Pc) structures, polymorphism is explained as the variation in the;
stacking angle between the molecular plane and the column direction, the displacement direction and
the mutual arrangement of the columns. It is considered that the di erent polymorphs are isomor-
phous for all the planar phthalocyanines, and only small variations in the cell parameters are found
for the di erent phthalocyanines. In the solid state, for CuPc, more then 10 di erent phases have been
reported, including –- and —-phases being the most common [45, 46]. When deposited as thin films
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usually –- and —-phases are obtained [47]. Recently, a new phase of CuPc, ÷-CuPc is also reported by
our group [48, 49] for the nanowires morphology (Chapter 5).
Molecular
shift
Stacking axis
Molecular
separation
Molecular
Offset direction
Stack
ing a
ngle
~3.5Å
Unit Cell
(a)
(b) (c)
Figure 1.4: (a) Schematic illustration of phthalocyanine columns. Possible mutual arrangements
of phthalocyanine columns in the crystal: (b) brick-stack and (c) herringbone arrangement. For the
herringbone structure, the unit cell is doubled.
For the –-phase CuPc two structural models have been reported; by Ashida [50] and Hoshino [45]
respectively. However the crystalline structure of –-phase CuPc has been topic of intense discussion
for years. Since the nature of MPcs is such that it favours forming a herringbone structure, the same
was assumed by Ashida for the –-CuPc phase [50]. Hoshino’s detailed investigation concluded that
this is not the case and reported a di erent crystal structure. He showed that the –-CuPc formation
has a triclinic crystalline structure with one molecule per unit cell with lattice contacts of a, b & c
being, 12.9, 3.8 & 12 Å respectively and tilt angle of 24.9¶ and brick stack outline in neighbouring
columns [Figure 1.5]. Furthermore, according to recent studies by Mauthoor [49] the most accurate
structure determination seems to be the one obtained by Hoshino. The CuPc adopt a crystalline
structure with the stacking axis ’b’ parallel to the substrate surface [d(100) = 12.9 Å], when deposited
on non-interacting substrates such as glass, ITO and SiO2 , etc. The smaller tilt angle implies there
is better ﬁ-ﬁ overlapping and has been in vogued to rationalise why –-CuPc may have higher charge
conductance in the direction of the film plane [51]. The –-phase of CuPc is metastable which often
prevent the growth of macroscopic larger single crystals. The –-phase however undergoes transition
to the —-phase when deposited at higher substrate temperatures during deposition or annealed in a
controlled environment [52, 53]. On the other hand —-phase CuPc is thermodynamically more stable
and is generally found in larger needle-shaped crystals [46]. The —-phase of CuPc has a monoclinic
crystal structure with two CuPc molecules per unit cell [Figure 1.5(c)]. This is characterised by a
herringbone arrangement of the molecular columns, where the stacking angle is ≥ 45¶.
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Space group C2/n
 a 25.9 Å
b 3.79 Å
c 23.9 Å
α 90˚
β 90.4˚
γ 90˚
Z 4
Space group P-1
 a 12.9 Å
b 3.77 Å
c 12.1 Å
α 96.2˚
β 90.6˚
γ 90.3˚
Z 1
Space group P21/a
 a 19.4 Å
b 4.79 Å
c 14.6 Å
α 90˚
β 120.9˚
γ 90˚
Z 2
(c)
Figure 1.5: The molecular arrangement of CuPc in (a) the –-phase as predicted by Ashida [50], (b)
–-phase predicted by Hoshino [45], models and (c) the —-phase projected along the c-axis as explained
by Brown [46].
The proposed crystal structure of the newly reported ÷-phase of CuPc [48, 49], bear resemblance to
many characteristics of the other CuPc polymorphs [Figure 1.6]. For example, it has similar stacking
angle of –-CuPcs (24.8¶). It shares the same space group and molecular herringbone arrangement
of —-phase. The in-stack molecular overlap is almost identical to the reported structure of “-CuPc
(isomorphous structure of –-CuPc proposed by Ashida [50] and later reinvestigated by Brown [54]).
The complexity of the ÷ phase crystal structure can be related to the obtained nanowire morphology
which is also intermediate to grain powder and needle crystals morphology of –- and —-CuPc phases
respectively. It has been shown that the stability of crystal phases of Pc strongly depend on crystallites
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size and shape which in turn are a ected by the growth conditions such as the substrate temperature
[55, 56]. As consequence of these di erences between all the di erent phases, di erences in their elec-
tronic absorption spectra, morphology and magnetic properties have been reported [12, 51, 57].
a
c
b
Space group P21/c
 a 24.8 Å
b 3.77 Å
c 13.2 Å
α 90˚
β 106˚
γ 90˚
Z 2
Figure 1.6: The packing motif for the ÷-CuPc crystal structure proposed by Wang et al. [48, 49].
1.3.2 UV-Vis absorption of CuPc
The optical properties of phthalocyanine compounds have been studied intensively in solid, in solution
and in vapour phase [58–60]. In solid state, the optical properties of phthalocyanine are strongly
a ected by the intermolecular interactions and are specific to a particular structure [58]. Figure
1.7(a) compares the UV-Vis absorption spectra of CuPc in a solution and –-phase film. As shown
the electronic absorption spectrum of CuPc in solution (1-chloronapthalene) is clearly di erent to
that of thin film. In solution the CuPc exhibit a single sharp absorption maximum at ≥ 690 nm
corresponding to the ﬁ-ﬁú transition and is accompanied by lower intensity peaks owing to vibronic
transitions. For the CuPc film the spectra is much broader as a result of scattering of phonons in the
crystal lattice and interactions between neighbouring molecules [58] In other studies, Tong et al.[61]
have also demonstrated variations in the electronic absorption properties of –- and —-phase CuPc thin
films and nanowires, as shown in Figure 1.7(b).
The electronic absorption spectra of –-phase thin CuPc film and nanowires is noticeably di erent
to that of the —-phase. The observed spectra show characteristic B-band (Soret) in the near ultra-violet
and Q-band in the visible region. The two peaks present in the Q-band are due to Davydov splitting
[62]. In general, these distinguishing features of peaks for CuPc in Q-band have been understood to be
a ﬁ-ﬁú transition of the organic ring. The lower and higher wavelength peaks have been assigned to the
1st and 2nd ﬁ-ﬁú transitions respectively [63]. The intense peak observed in B-band (Soret) around
300 nm is associated with molecular transition b2u (ﬁ) æ eg (ﬁú) [64]. Due to the incomplete d-bands
of CuPc, this peak of higher energy is also thought to be a ﬁ-d transitions involving the d electrons
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Figure 1.7: A comparison of the Q-band electronic absorption spectra of CuPc (a) in solution (dashed
line) and a –-phase CuPc film (solid line) [Sharp et al. [58]]. Electronic absorption spectra of CuPc
films and nanowires at di erent temperatures. (b) –-phase CuPc film (solid line), —-phase film (dashed
line), –-phase CuPc nanowire (square marker) and —-phase nanowires (bold round marker) [Tong et
al. [61]]
of the atom present in the centre of the molecule [60]. The di erences between the absorption spectra
of the two di erent phases is apparent in the Q-band. It can be clearly observed that the –-phase
structures absorb at 624nm and 695nm, whereas the —-phase absorbs at around 645 nm and 720
nm [61]. Depending on the molecular packing and orientation of adjacent molecules, the relative peak
intensities and peak shifts vary. Thus, absorption spectra can be used to distinguish between di erent
phases of CuPc structures [58].
1.3.3 Pc thin films and nanostructures
From device technology perspective and scientific interest, molecular engineering is becoming more
and more expanding area due to the practicability of customising the electronic, optical and magnetic
properties of functional organic materials [12, 65]. Due to the potential of organic materials being used
in many applications the preparation of highly ordered, crystalline thin films and nanostructure are
nowadays receiving considerable attention [35, 38, 66, 67]. As mentioned previously, in solid state Pc
compounds can adopt di erent crystal structures, depending on preparation conditions. In general,
each of these polymorphs demonstrates di erent physical properties, for due reason the preparation
of oriented thin films of well-defined phases is essential for future technological applications. For
example, specific applications are orientation specific such as the use of Pcs in photovoltaics or field-
e ect transistors. The ability to arrange the molecules in a vertically stacked axis enhances overlap
of the ﬁ-orbitals in the direction perpendicular to the electrode, thus encouraging charge transport
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normal to the film plane. Whereas parallel molecular stacking is preferred and ultimately required if
the application is for field e ect transistors (FETs) as this arrangement of molecules allows for the
maximum charge transport between the electrodes [68].
There have been various growth techniques developed over the years, some which are better suited
to the materials used than others, therefore to categorically indicate one as being superior over another
method is di cult due to the uncountable combinations that exists. However for the deposition of
phthalocyanine and other compounds organic molecular beam deposition (OMBD) method pioneered
by Forrest, et al. has shown to produce the best growth method to achieve an ordered and orientated
layer. Alternatively, organic vapour phase deposition (OVPD) o ers great control over deposition
parameters allowing growth of thin films on large-scale at reduced cost [69, 70]. Detailed description
of each technique and comparison between the two is given in Chapter 2. In the following section an
introductory overview of related literature is given.
1.3.4 Overview of Phthalocyanine thin films and nanostructures
The growth and properties of phthalocyanine thin films have been studied intensively in last decade.
It has been shown that the film properties greatly depends on growth conditions [12, 20, 71, 72].
A polycrystalline film of phthalocyanine is obtained when deposited at room temperature on weak-
interacting substrates such as glass, ITO, SiNx. The films adopt the characteristic –-phase crystal
structure with molecular stacking axis parallel to the substrate surface. The morphology, crystallinity
and crystal structure of the film can be altered, by depositing films on heated substrate during deposi-
tion or heat treatment post growth [53]. Films are reported to adopt the —-phase when the substrate
temperature is kept close below the sublimation temperature of the phthalocyanine [73, 74]. Changing
the substrate surface conditions can also influence the phthalocyanine film properties [75, 76].
Studies have shown that the orientation of CuPc molecules can be altered with respect to the
substrate surface, while still maintaining the –-phase, by incorporating an underlying layer of PTCDA
compound [49]. When deposited on non-interacting substrates the PTCDA molecules lie parallel to the
surface [65, 77]. It has been shown that the initial growth of PTCDA film causes a subsequent CuPc
film to adopt the underlying structure and molecules lie flat with molecular planes approximately
parallel to surface rather than adopting its usual standing up orientation. This is referred to as
templated CuPc film[78]. This e ect is described to be caused by interactions between the PTCDA
and Pc molecules. Consequently, an improvement in charge transport in the direction of stacking of
CuPc molecules is expected [66]. In other studies, the growth of phthalocyanine compounds, including
CuPc, CoPcF16 and CoPcH16 on Au (111) substrate has been investigated [72, 79, 80]. Growth studies
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on Au shows that the growth mode is sensitively influenced by the presence of Au nano-particles which
function as nucleation sites, accumulating di using molecules on the substrate surface and encouraging
vertical growth of uniform 1D nanostructures.
In related work it has been shown that OVPD technique can be used to fabricate CuPc struc-
tures of various morphology ranging from thin films [81, 82], crystallites to nanowires and nanoribons
[55, 55, 61] for various applications such as FETs and PVs. Yang et al. [81] have demonstrated the
novelty of OVPD technique by fabricating heterojunction photovoltaic cells. By changing the growth
conditions such as source, substrate temperatures, chamber pressure and gas flow rates they were able
to grow films with high interfacial area of many di erent molecular compound including CuPc. Figure
1.8 show SEM images of reported work for CuPc on ITO substrate in range of conditions [81]. More
recently our group have used the OVPD technique to grow CuPc nanowires which adopt a new phase
and show interesting opto-electrical and magnetic properties [48]. Being able to fabricate one dimen-
sional (1D) nanocrystalline structures and films with high interfacial areas are therefore essential for
advancement of organic electronics.
Figure 1.8: Scanning electron microscope images of CuPc films grown on ITO. The carrier gas flow
rate is (100.0 ± 0.5) SCCM, and the chamber pressure is (0.45 ± 0.1) Torr, while the source evaporation
temperature (Tcell) and substrate temperature (Tsub) vary for each of the 5-min growths. From left
to right, Tcell in-creases from 420 ¶C to 460 ¶C, and from top to bottom, Tsub increases from 2 to 98
¶C. The error in temperature is ±3 ¶C for Tcell and ± 5 ¶C for Tsub. The scale bar corresponds to
500 nm.(taken from [81])
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1.4 Organic Semiconductor Devices
Since the structures and current-voltage characteristic of organic semiconductor devices have been well
described in literature [1, 2, 83–85], herein we only give a very brief introduction on the basics of the
field-e ect devices in general and OFETs in particular. Firstly, the basics physical principles of the
field-e ect devices are provided with the aid of metal-insulator-semiconductor (MIS) diodes. Then the
structure and operation of OFETs are discussed.
1.4.1 MIS diode
MIS diodes are the most straightforward devices to detect the field-e ect and are used to study prop-
erties of semiconducting materials in general, for example, the charge carrier transport between the
electrodes above and below. A schematic sketch of MIS diode is given in Figure 1.9. In MIS diode
the (organic) semiconductor is electrically separated from the gate electrode by a gate dielectric layer.
Hence, an MIS diode can be realised as a fragment of a top-contact transistor structure [Figure 1.11(b)],
where the semiconductor and the dielectric layers are sandwiched together between the source and
gate electrode. Detailed operation principle of an MIS diode can be found in [2, 86].
ø
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øb
gatesemiconductor
die
lec
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dielectric
gate
metal contact
Vg
(a) (b) Vacuum level
Figure 1.9: (a) Schematic sketch of a metal-insulator-semiconductor (MIS) diode, (b) Energy band
diagram of an ideal MIS diode. Here Ø is the work function of gate, Øb is the potential di erence
between the Fermi Level Ef and intrinsic E i, EC and EV represent the conduction and valence bands.
The band gap and the electron a nity of the semiconductor are represented by Eg and EA, respectively.
For device operation, a voltage is applied between the gate and the top electrode. The dielectric
layer between the gate and the semiconductor acts a barrier, restricting any charge carrier flow between
the two and thus the Fermi level in the semiconductor remains constant [Figure 1.9(b)]. Depending on
the type of semiconducting (p- or n-type) thin film and the applied voltage at gate an accumulation
of charges takes place at dielectric/semiconductor interface. This can provide important information
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about charge carrier distribution within the device. The charge buildup in MIS diode is analogous to
that a conducting channel being formed in a thin film transistor (TFT). The diagram shown in Figure
1.9(b) represent the energy bands for 0V at the gate. However, when a voltage is applied across the
diode, the electric field induces energy bands bending that result in change of carrier concentration
near the dielectric/semiconductor interface. This phenomenon is known the field-e ect [84].
The MIS device can be characterised by three di erent regimes where the energy bands behave
di erently under applied voltage condition. These are called "accumulation", "depletion" and "inver-
sion" regimes, respectively. Figure 1.10 illustrates the operating principles of an ideal inorganic MIS
diode with p-type semiconductor. Applying a negative voltage (Vg <0) to the gate induces upward
bending of the bands and causes the valence band (similar to HOMO in organic device) to move near
the Fermi level Ef resulting in accumulation of positive charges (holes) near the interface as shown
in Figure 1.10(a). In depletion regime, when a small positive voltage (Vg >0) is applied, the bands
bend downwards and the density of positive charges (holes) reduces at the semiconductor/dielectric
interface [Figure 1.10(b)]. Elevating the applied gate voltage (Vg ∫ 0) allows the bands to bent even
further downwards until the intrinsic level E i descends below the Fermi level Ef of the semiconduc-
tor as illustrated in Figure 1.10(c). Here, the density of negative charges (electron) at the interface
is greater than the hole density, which is called inversion regime. The accumulation and depletion
are observable for both organic and inorganic semiconductor whereas the "inversion" regime is only
observable for doped inorganic MIS diodes [2].
Ec
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Ef
EV
Vg < 0
EF
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+ + + + + +
 + +
 + +
 +
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+ + + +
- - - -
(a) (b) (c)
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Ei
Ef
EV
Vg ≫ 0
- - - - - - -- - - -
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Figure 1.10: Schematic illustration of band bending in a p-type inorganic MIS diode. a) Accumula-
tion, (b) depletion and (c) inversion regime.
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1.4.2 Organic thin film Field-E ect transistors (OFETs)
Architecture
The schematic device structure of an organic field-e ect transistor (OFET) is shown in Figure 1.9.
The device is a three-terminal device where the electrical conductivity of an organic semiconducting
material, in a thin film form, is controlled between two electrodes called "source" and "drain" as function
of a varying voltage on the third terminal called the "gate". Organic field-e ect transistor (OFET) or
thin-film transistor (OTFT) employ the same fundamental device design as their inorganic equivalent.
FET devices can be used as a voltage-controlled switch to operate other devices or to construct logic
circuits [1].
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Drain Source
VG(c)
Substrate Substrate
Figure 1.11: Schematic sketches of e ect transistors in di erent configurations. (a) bottom-
contact/bottom-gate (BCBG) (b) top-contact/bottom-gate (TCBG), (c) bottom-contact/top-
gate(BCTG), and (d) top-contact/top-gate (TCTG).
FET devices can be constructed in number of di erent configurations, as shown in Figure 1.9.
These devices can be categorised into two groups; bottom-gate and top-gate configuration. In the
bottom-gate design the "gate" usually metal is deposited on top of substrate; followed by a layer of
dielectric (insulator), the source and drain electrode are deposited either before the organic semicon-
ductor [Figure 1.9(a)] or after the deposition of organic film [Figure 1.9(b)]. Alternatively, a heavily
doped silicon substrate can be used as both substrate and gate electrode. For research purposes a Si
wafer is preferred. Si can o er several advantages over other substrates: it can be flat (atomically),
when doped it can perform as a conductor and can be used as a common gate for many devices
on a single wafer, and dielectric layers (e.g., SiOx) can easily be deposited. In the case of top-gate
architecture, the source and drain electrodes are deposited directly on top of the substrate or the
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organic semiconductor; followed by a dielectric layer and finally the gate electrode is deposited [Figure
1.9(c)and (d)]. Each of these device design has its separate advantages and disadvantages relating to
the fabrication process and device performance [87].
Modes of Operation
Analogous to MIS diode, there exist di erent mode of operation as function of applied voltage(s).
In the case of OFET, applying a potential at gate "VG" causes charge carriers to either accumulate
or inverse at the dielectric/semiconductor interface. The accumulation or inversion of these charges,
determined by mode of operation, result in a conductive channel between the source and drain being
formed where the transport of charge carriers takes place. Therefore, the interface between the di-
electric and semiconductor in FET structure plays a very crucial part for charge-carrier transport [7].
Typically, metal-oxide-semiconductor field-e ect transistors (MOSFETs) are operated either in com-
mon enhancement mode or a less common depletion mode. In enhancement mode a voltage, positive
in case of n-channel and negative in case of p-channel semiconductor, is applied to the gate to form a
conductive channel whereas in case of depletion mode the channel is formed already at 0V gate poten-
tial [2]. For OFETs inversion is di cult to achieve and are generally operated in accumulation mode
[86]. The enhancement mode or depletion mode of an OFET device is determine by it’s threshold
voltage ’Vth’.
In the following section, the switching mechanism and operation of OFET device is reviewed. This
will only be described for a top-contact OFET with a p-type (hole conducting) semiconductor as the
operation is very similar for n-type (electron conducting) semiconductors and other device designs.
In addition, up till now, p-type semiconductors are more common and present the highest extrinsic
mobilities [87]. The operation of TFT is described as follow:
1.4.3 Current (I) Voltage (V) Characteristic
Figure 1.12 shows a schematic cross-section sketch of a p-type OFET in operation: when a negative
voltage is applied to the gate (VG), a buildup of holes (+ charges) will occur at the bottom of
the organic semiconductor layer near the dielectric/semiconductor interface above the gate. This is
generally referred to as "accumulation" layer and is similar to a capacitor being charged. As a result of
high concentration of (+) charges in the region, a conducting channel between the ’source’ and ’drain’
is formed.
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Figure 1.12: Schematic sketch cross-section view of a p-type OFET in operation.
Controlling the gate voltage (VG) varies the density of charge carriers (n) in the channel and thus
enables control over the conductivity (‡) of the channel. When the source electrode is connected to
the ground (0 V) and a negative voltage is applied to the drain electrode (VDS), a current (IDS) will
flow across the channel depending on the gate voltage (VG) and the source-drain potential (VDS), as
shown in Figure 1.13. Generally, FETs are characterised by two types of I-V relationships, namely the
transfer and output characteristic. Such I-V relationships are denoted as transfer or output curves.
The characteristic output and transfer curves are obtained by measuring each for several fixed VDS
or VG. For example, for quantifying the transfer characteristic, a fixed drain-source voltage VDS is
applied and the drain current ID is recorded as function of varying gate voltage VG. The output
characteristic is achieved by observing the change in drain current ID as function of varying VDS and
constant VG [Figure 1.13(b)].
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Figure 1.13: (a)Schematic sketch of a p-type OFET in linear regime operation. (b) Output charac-
teristic of a typical CuPc FET, solid lines represent the linear regime.
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For inorganic FETs an approximated expression for the drain-source current ID is described by
Shockley equation [1, 2]:
ID =
W
L
µCi [(VG≠ Vth)VDS ≠ 12 V
2
DS
È
; VDS Æ VG ≠ Vth (1.1)
Where µ is the hole mobility, W and L are channel width and length, respectively. Ci is the
dielectric capacitance. Vth and RSD are the threshold voltage and the contact resistance, respectively.
Depending on the operating voltages (VG and VDS), two regimes can be distinguished: "linear" and
"saturation": for very small VDS , |VDS |π|VG - Vth| such that the term VDS/2 becomes insignificant
compared to VG. By relation the equation 1.1 simplifies to[1]:
ID =
WCi
L
µ(VG ≠ Vth)VDS (1.2)
Equation 1.2 clearly shows that for small VDS the IDS is dependent linearly on applied voltage at
drain VDS which is also observed from the I-V characteristics [Figure 1.14(b)] and hence this regime
is called the ’linear regime’. For higher VDS , |VDS |>|VG|, the drain-source current saturate as the
conductive channel becomes "pinched-o ". Figure 1.14(a) shows the region between the drain and the
gate where no accumulation of holes will take place. In "saturation regime", as shown in Figure 1.14(b),
the current IDS saturates depending on gate voltage and become independent of VDS [Equation 1.3].
IDS =
WCi
2L µ(VG ≠ Vth)
2 (1.3)
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Figure 1.14: (a) Schematic sketch of a p-type OFET in saturation regime operation. (b) Output
characteristic of a typical CuPc FET, solid lines represent the saturation regime and dashed line
indicate the channel pinch-o 
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Generally, the performance of OFET devices is assessed by measuring the physical parameters,
i.e., µ, Vth and on/o  current ratio and sub threshold characteristics [85, 86]. A more convenient
method of representing transistor behaviour and estimating physical parameters of the device is the
use of transfer characteristics, as shown in Figure 1.15. Due to the low ohmic current at VG = 0
V, a plot of Ô IDS vs. VG on linear scale is used to obtain threshold voltage, Vth, by extrapolating
to VG axis on transfer curve plot Figure 1.15(a). The IDS on/o  ratio and sub threshold slope are
also extracted from the plot of drain-source current on a log scale versus gate-voltage as illustrated in
figure 1.15(b).
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Figure 1.15: Transfer characteristics of a typical OFET device based on a CuPc in the form of (a)
IDS versus VG and (b) IDS on a logarithmic scale versus VG.
1.4.4 Charge carrier transport
There are number of di erent mathematical models that explains the charge carrier transport in
organic semiconducting materials [88–90]. In conventional inorganic semiconductors, the transfer of
charger carriers occurs in delocalised bands and the transport is restricted by phonon scattering.
Consequently, with temperature the charge carrier mobility decreases by relation: µ Ã Tn. Where the
value of n depends on the scattering mechanism and varies between 1 to 2.5. In contrast, in organic
or amorphous semiconductors the charge transport takes place via hopping between localised states
and is phonon-assisted [86]. In this case, the µ increases with temperature, as given by:
µ = µ0 exp
5
≠
3
T0
T
4
1
–
È
(1.4)
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Where – is a whole number and varies between 1 and 4 [91]. However, in polycrystalline films the
temperature dependent µ is greatly a ected by traps associated with grain boundaries and other
structural defects [92]. While the hopping model, presented by Bässler, is supposed to be more
suitable for describing charge transport in disorder materials such as amorphous polymers, the multiple
trapping and release (MTR) model [93], is considered more appropriate for polycrystalline and well-
ordered materials, for example phthalocyanines. Previously it has been reported that the charge carrier
mobility (µ) is also influence by the gate voltage [94]. Since most organic semiconductors in OFETs
are either amorphous or polycrystalline, this can mainly be ascribed to the existence of traps in these
materials.
Traps
Organic semiconductors are commonly found to be polycrystalline which means that there are several
di erent kinds of possible charge carrier traps such as impurities, interfacial traps, dopants or defects
that can influenced charge carrier transport. These defects can occur during fabrication and from a
performance perspective significantly diminish device performance with reduced charge carrier mobility
and in the case of OFETs a low switching ratio or noticeable hysteresis due to the polycrystalline
makeup. Dopants on the other hand can work in two ways by selectively being able to enhance
transport of charge carrier one type whilst suppressing transport of another. These dopants can be
introduced intentionally or otherwise during the manufacturing process. In the case of oxygen doping,
ambipolar OFETs can enhance hole transport whilst suppressing electron transport [95]. A typical
feature of all OFETs is the organic semiconductor and dielectric interface. Previously, it has been
demonstrated that electron traps can be provided by the surface of the dielectric layer [96].
Grain boundary e ect
Another major cause of traps are defects in any crystal lattice [94, 97, 98]. Organic semiconductors are
generally not single-crystals but polycrystalline and therefore have many grain boundaries resulting
in numerous traps. The charge carrier transport in polycrystalline solids is determined by two values,
the intra and the inter-grain transport. The intra grain transport, µg, has a relatively high mobility
whilst the inter grain transport has considerably low mobility, µb. This is due to charge tunnelling
across grain boundaries that are connected in series. The sum of the overall mobility through a
polycrystalline solids can be given by the following equation [92].
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Figure 1.16: Schematic diagram of grain boundaries and charge transport mechanism in thin films.
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(1.5)
In such cases where the intra grain transport is far more e cient than inter grain transport (i.e.,
µg ∫ µb) so much so that it sometimes even behaves "band" like [92]. Which implies that the overall
transport is limited by the inter-grain mobility, µb.
1.4.5 Brief literature review on CuPc based Transistor
As mentioned earlier, crystalline molecular materials have the potential to be used in di erent opto-
electronic devices including field-e ect transistors. The physical makeup of organic material can have
strong e ect on the performance and stability of these devices. Since charge carrier mobility is known
to decline and reduce by traps and grain boundaries present in the organic semiconductor [92], the
performance of the device can be improved significantly by enhancing the crystallinity, morphology
and uniformity of the organic material [18].
Semiconducting properties of phthalocyanine compounds were report previously by Eley [99] in
1948. To show the potential of phthalocyanine material in electronic devices, the first organic field-
e ect transistor manufactured using CuPc as active material was demonstrate in 1996 by Bao et al.
[35]. Subsequent investigation into the charge mobility within these devices found a strong correlation
between mobility and the substrate temperature for depositing semiconductor films as shown in Figure
1.7. The highest hole mobility recorded was 0.02 cm2 V≠1 s≠1 with an on/o  current ratio of 4 x 105.
This was achieved at a deposition temperature of 125 ¶C. Figure 1.17 shows TEM images of CuPc
deposited on transistor devices at di erent substrate temperatures. A strong correction between the
film properties and device performance was reported.
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Figure 1.17: Transmission electron micrographs from CuPc films deposited at di erent substrate
temperatures. (a) TD = 85 ¶C, crystals are granular ca. 40 - 60 nm in diameter; (b) TD = 125 ¶C,
rodlike crystals with average dimensions ca. 50 x 260 nm2; (c) TD = 150 ¶C, rodlike crystals with
average dimensions ca. 60 x 500 nm2 (note the film discontinuities and gaps between the crystals; (d)
TD = 200 ¶C, large flat crystals with dimensions of up to 400 x 4000 nm2, severe film discontinuities and
large gaps. (e) Field-e ect mobility of CuPc at di erent substrate deposition temperatures extracted
from devices with channel lengths of 12 and 25 µm [35].
In 2002 a research team in Japan working under Hoshino [100] were able to establish the ideal
thickness of the semiconducting layer in OFET devices. Their conclusion was that devices with a
CuPc thickness of at least 80 nm demonstrated the highest hole mobility of 3.5 x 10≠3 cm2 V≠1 s≠1.
Further development in better understanding the mobility of devices was undertaken by Ofuji and
team in 2005 [101]. They investigated the e ect of rubbing the substrate in a unidirectional fashion
using a cotton velvet cloth with the aim of achieving uniaxial alignment. They found an increase in
hole transfer mobility was recorded when compared with samples that had not been treated. The team
recorded a mobility of 0.02 cm2 V≠1 s≠1. Investigations by Yan et al. [102], experimented with the
introduction of O2 to the CuPc film and found the resultant e ect on the threshold voltage positive
shifted while the on/o  current ratio lowered. This experiment showed the environmental e ect on
OFETs despite near similar mobility for the duration of the procedure. In 2005, Kloc and his team
were able to fabricate OFETs with CuPc single crystals grown through physical vapour transport [103].
The results of this device were recorded as having a hole transfer mobility up to 1 cm2 V≠1 s≠1, on/o 
current ratio larger than 104 and a lower threshold voltage of around -6 V. It was about a year later
that Hu,s team were able to synthesise a single crystalline sub-micrometer sized OFETs. They were
able to fabricate ribbons of CuPc and use these to create the OFET devices [104]. This development
was unique in that they were the first OFET devices to be solely based on a single crystal. The
second accomplishment were the very high carrier mobility of 0.1 - 0.2 cm2 V≠1 s≠1 and an impressive
low threshold voltage of -3 V. A large volume of CuPc based device studies have been reported since
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these earliest reports were made. Some of which are of particular interest such as CuPc nanowires
transistors [104–106].
1.5 Thesis Objectives and Outline
The objectives of this work are to develop evaporation methods and molecular materials, metal ph-
thalocyanines and copper phthalocyanine (CuPc) in particular, for the fabrication and advancement of
high performance novel organic electronic devices. Despite the existing lower performance of organic
devices, compared to inorganic, there is great potential for these to be used in both existing and new
applications. Organic electronics have an advantage over applications where low-cost manufacturing,
large area coverage, lower temperature processing and structural flexibility is required. Although some
organic devices (e.g., OLEDs) are already making their way to the market, others like organic tran-
sistors (OFETs) have not evolved that far yet and require further advances in performance, materials
and processing.
The existing work on OFETs has shown that there is possibility to enhance charge transport by
developing highly ordered molecular materials and that this objective could be met by using novel and
improved vapour deposition techniques. These processing methods should allow for the fabrication of
high quality films and nanowires that are of fundamental importance for the study of the opto-electronic
properties. The molecular thin films and 1D nanowires fabricated and studied in this thesis will be
used as basis for understanding the structural, opto-electrical and perhaps the magnetic properties of
other metal phthalocyanines. For example this may include understanding the mechanisms of spin
polarisation and magnetic coupling in thin films and nanowires of CoPc and MnPc. Beyond this
work, the knowledge gained from this thesis will also provide guidance for the design of molecular
photovoltaic and spintronic devices.
In this thesis two di erent deposition techniques have been used, one being low-cost, to understand
the physical principles governing the morphological, structural and opto-electronic properties of thin
films and nanowires that are used to obtain high performance OFETs based on CuPc material. The
layout of this thesis as follow; Thin film growth processes and deposition techniques are described in
the first half of Chapter 2, in the second half of Chapter 2 the characterisation tools are discussed
with a brief theoretical background of each. Chapters 3 to 5 present and discuss the results obtained,
using OVPD, in this study. In Chapter 3 the properties of Copper phthalocyanine (CuPc) films in
various growth conditions are discussed. It is shown that the morphology, crystallinity and crystalline
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depending on source-to-substrate distances. In Chapter 4 the properties of CuPc films deposited on
the di erent substrates are given. It is observed that the orientation of CuPc molecules with respect
to the substrate surfaces depend on the nature of the substrates. CuPc based field e ect transistor
devices are fabricated and discussed. In Chapter 5 the growth of CuPc nanowires; a new polymorph
and its properties are covered. The CuPc nanowires growth mechanism and device fabrication process
is also given. In Chapter 6 OMBD grown CuPc thin films on a range of substrates are presented along
with device fabrication. Chapter 7 is where we characterise the CuPc based thin film and nanowire
transistors and present a relationship between device performance, morphology and deposition. The
last chapter will present the overall conclusions and future work.
Chapter 2
Thin Film Deposition and
Characterisation Techniques
This chapter is split into two main parts, thin film deposition and characterisation techniques. The
first part of the chapter describes the thin film deposition processes, techniques and principles used for
the growth of organic thin films studied throughout this work. The second part focuses on the charac-
terisation techniques, such as, SEM, AFM, Spectroscopy and I-V characterisation.
Part I - Thin Film Deposition Techniques
Initially discussed are the main processing steps associated with any thin film deposition followed
by a focus on the employed deposition techniques. The first deposition technique discussed in this
chapter will be organic molecular beam deposition (OMBD) which is comparable to the evaporation
techniques for inorganic materials in ultrahigh vacuum. This process involves controllable evaporation
and the transfer of molecules (or atoms) in a high vacuum environment. The source is thermally
heated which results in deposition of a film on a substrate. The second deposition technique is called
organic vapour phase deposition (OVPD). In OVPD, film deposition is achieved through a thermally
controlled sublimation of molecular compound into a stream of inert carrier gas (e.g., Ar, N2) that
transports the sublimed molecules through a hot walled chamber to a cooler region where they can be
deposited on a substrate through condensation.
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Section 2.1 shows the sequential steps involved in the thin film deposition processes. The following
sections 2.2, and 2.3 describe the two fundamentals of thin film deposition techniques, OMBD and
OVPD respectively, used in this work. These two techniques are compared in section 2.4.
2.1 Thin Film deposition process steps
Virtually all thin film processing comprises of four (or five) sequential steps as shown in Figure 2.1.
The source material of the required thin film is transported onto a preferred substrate, where the film
growth takes place. Sometimes the film is subsequently annealed and are analysed to evaluate the
process. The outcome of the analysis is then used to amend the deposition variables for improvement
of the films properties. Improved control and understanding are acquired by monitoring the first three
stages during deposition.
Source
Deposition
Transport
Solid
Liquid
Gas
Vapor
Vacuum
Fluid
Plasma
Substrate Conditions
Source material reactivity
Energy input
Structure
Composition
Properties
Analysis
Annealing
Supply Rate
Uniformity
Structure and Composition
Figure 2.1: Thin film process steps. For all steps, process monitoring is valuable and contamination
is a concern [107].
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2.1.1 Source
The (film-forming) source substance may be a solid, liquid, gas or vapour. In order to form a thin
film of the solid material, it must be vaporised before being transported to the substrate. This
can be done by means of a physical or chemical process. The most commonly used methods are
categorised as physical vapour deposition (PVD) and chemical vapour deposition (CVD).
Vapour deposition defines any process where the vapours of source material accumulate to form a
film when they come into contact with a solid surface (substrate). In PVD, if the source materials
are solid, they are converted to vapour by either thermally heating the source, using pulsed light
(laser ablation), introducing positive ions (sputtering) or by applying an energetic beam of electrons.
Liquid or gaseous source materials with su cient vapour pressure can also be transported at moderate
temperatures. In the case of CVD, solid materials are gasified with a chemical reaction, e.g., from
Ga(solid) to GaCl(gas). In both methods, supply rate and contamination are major source related
problems. Supply rate (often referred as molecular flux) is important because film properties vary
with deposition rate and with the blending ratio of constituents in co-deposited films. Contamination
is also an issue in the transport and deposition stages.
2.1.2 Transport
The film properties not only depend on the material supply rate but also on the rate of arrival over
the substrate surface. The transport of the evaporated molecules is therefore of great importance to
ensure uniformity of the substrate layer. The deposition process and transport medium can be a ected
by high vacuum or a fluid (gaseous fluid), which can a ect the makeup of the film. Molecules can
travel from source to the substrate freely in the shape of a straight beam in high vacuum with less
or negligible probability of molecular collisions, whereas in a fluids medium the chances of collisions
among molecules are higher due to random paths resultant of the gas(es) used. Consequently, in a high
vacuum, the uniformity of molecular arrival rate onto the substrate is a ected by geometry, whereas
in fluids the uniformity is dependent on the gas flow patterns and the di usion of the source molecules
through the other gases present.
Generally, the high vacuum processes are associated with PVD, and the fluid-flow processes are
linked to CVD. Having said that, this is not always a reasonable association. Despite the fact that
various physical deposition processes do operate in a high vacuum environment, other PVD processes
like sputtering and laser ablation often operate at higher pressures in a fluid environment. Alterna-
tively, chemical beam epitaxy is another example of a chemical deposition process which operates in
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a high vacuum. A high vacuum transport medium has the significant advantage of clear access to the
deposition surface, which facilitates the possible use of analytical techniques involving electron beam,
e.g., in-situ electron di raction or Auger spectroscopy. Fluid medium has the advantage of functioning
at atmospheric pressure or easily achieved vacuum levels, which helps in lowering total operative cost.
2.1.3 Deposition
The third and equally crucial stage in the thin film process is the actual deposition, which is determined
by the transport of material from the source and by interactions with atoms on the substrate surface.
There are three main factors that can a ect the deposition process of the arrived molecules on substrate
surface. As seen in Figure 2.1, these are the substrate surface condition, reactivity of the arriving
material and energy input. Substrate surface conditions includes surface roughness, contamination
level, strength of chemical bonding with arriving material and crystallographic parameters (in the
case of epitaxy deposition). Deposition is often named as the heart of the process and comprises of
several surface processes, the most important of which is illustrated in Figure 2.2 as below:
• adsorption of the arrived atoms/molecules on the surface,
• di usion of atoms/molecules along the surface,
• deposition or incorporation of atoms/molecules,
• desorption of atoms/molecules (i.e., evaporation from substrate).
The term ’reactivity’ is given to the probability of arriving atoms/molecules interacting with the
surface or other molecules to form a film. Any atoms/molecules not incorporated into the film will
escape from the surface. This probability is known as the "sticking coe cient (also referred to as
condensation coe cient)," Sc of the molecules as:
Sc =
Mad
Mtot
(2.1)
Where Mad is the amount of adsorbed molecules and Mtot is the total number of molecules arriving
on the substrate surface. Thus, Sc is a degree of the fraction of impinging molecules sticking to the
surface. Its value is between 0 and 1, corresponding to no adsorption (none of the molecules stick) and
complete adsorption (all impinging molecules stick) respectively. The sticking coe cient of arriving
molecules depends upon many factors such as surface coverage, crystal face and temperature, etc. For
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(1)
(2)
(4)
(3)
(2)
Figure 2.2: Schematic showing : Atom/molecule interactions with substrate surface and processes
taking place during film deposition in PVD. (1) adsorption, (2) surface di usion, (3) deposition or
incorporation, and (4) desorption (i.e., evaporation from substrate) taken from [108].
higher temperatures at substrate, the Sc may have very low values, and even 0 for su ciently high
substrate temperatures. In general, Sc can be lower for chemical vapour deposition (CVD) than it is
for physical vapour deposition processes (PVD), and thus can facilitate deposition on selected areas
and complex shapes more e ectively. The di erence in Sc for the two process is mainly due to the
di erences in physical conditions rather than the type of process.
The adsorption of molecules on a substrate surface is generally described by a two step process.
First being physisorption and second chemisorption. In physisorption the involved forces between the
molecules and the substrate are van der Waals type forces whereas in chemisorption charge transfer
takes place. Hence two sticking coe cients may be defined, one for each type of process. For the
organic material and substrate used in this study, only physisorption of the adsorbates occur.
Energy input or energy source can come in many forms and influence the composition and struc-
ture of the film as a result of having an e ect on the reactivity of the arriving material. In the course
of deposition, substrate temperature is an obvious source of energy, but there are many other sources
depending on the deposition process (e.g., Photons source in photo or laser-assisted processes). The
thermodynamic conditions of the molecules and the substrate may also influence the interaction of
the film with the surface resulting in di erent morphologies. There are three likely growth modes of
a crystal on the surface (a) island type, called Volmer-Weber, (b) layer-by-layer, called Frank-van der
Merwe and (c) mix of the two types, called Stranski-Krastanov type [109]. This is illustrated in Figure
2.3. In general, island growth takes place when the interaction between the ad-molecules is stronger
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than the interaction of the ad-molecules with the substrate. Layer-by-layer growth is found in the
opposite case, that is, when the interaction between the ad-molecules and the substrate predominates.
Substrate
(a) Volmer-Weber Type
Island Structure
(b) Frank-van der Merwe Type
Substrate
Individual Molecules
Uniform Film
(c) Stranski-Krastanov Type
Substrate
Uniform Film
Island Structure
Figure 2.3: Three modes of thin film growth processes. (a) island type, called Volmer-Weber, (b)
layer-by-layer, called Frank-van der Merwe and (c) mix of the two types, called Stranski-Krastanov
type.
Lastly, in the mixed case the island and layer growth can be initiated by various reasons. For
example, in a situation where the lattice parameters or molecular orientation of the first monolayers
cannot be preserved into bulk crystal and promote island growth [110]. In summary, the three depo-
sition factors in association with molecular fluxes can help tailor the structure and composition of the
deposited film to meet the requirement of di erent applications.
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2.1.4 Analysis
Thin film analysis includes various degrees of measurements on film properties, such as film thick-
ness, surface roughness, morphology, structural, optical and electrical properties. In this final step,
through the process of analysis, thin film deposition techniques are optimised. This can be achieved
by employing the empirical methods of measuring significant film properties as a function of the de-
position process variables (i.e., source, transport and deposition). This methodology is indicated by
the "feedback" arrow in Figure 2.1. The final stage is to analyse the thin film deposition process to
comprehensively assess, correlate and view the final properties. The commonly used techniques for
thin film analysis and characterisation are discussed later in section 2.8 of this chapter.
Thin Film Deposition Techniques
For practical applications, both organic and inorganic materials are typically used as thin films. For
example, devices such as organic photovoltaics (OPVs), organic light emitting diodes (OLEDs) and
organic thin film transistors (OTFTs) depends on a wide range of thin films of conductors (metals),
insulators and semiconductors. In general, the term "thin" describe layers of material on a substrate
with thickness in range between 1 nm and 10 µm. In general, numerous techniques have been developed
for the deposition of thin films and fabrication of electronic devices. Commonly used deposition
processes are fundamentally divided into three main categories (i) physical vapour deposition (PVD),
(ii) chemical vapour deposition (CVD), and (iii) solution processing as shown in Figure 2.4. The
preference of technique is determined by the kind of material, cost, tolerances, substrate type and the
required properties of the film.
Physical Vapour Deposition
Physical vapour deposition (PVD) involves the deposition of molecules from the vapour phase to the
solid phase onto a desired substrate. Thin films can be grown by the basic techniques of evaporation
(VTE) and sputtering. However, this report will only concentrate on the evaporation method for
deposition of organic thin films.
Chapter 2 Part I. Thin Film Deposition Techniques 33
Physical process
Thin Film
Deposition Process
Chemical process
Plating
Sol-gel
Solution process
Therm
al
Process
V
TE
E-Beam
Laser
M
BE
Sputtering
RF DC
M
agnetron
Solution casting 
Inkjet printing 
Aerosol spray 
Doctor blading 
Screen printing 
Dip coating 
Spin coating
CV
D
PECV
D
M
O
CV
D
Laser
Electroless
Electroplating
Organic Materials
Polymers, Small molecules
Figure 2.4: Thin film deposition techniques and classification.
2.2 Organic Molecular Beam Deposition (OMBD) and OMBE
In this section we present the deposition technique of organic molecular beam deposition (OMBD),
which is one of the methods used for the growth of CuPc thin film through out this thesis. OMBD
is an example of the VTE process which is used for the production of high purity films by means of
sublimation of organic material in a (ultra) high vacuum (Ø 10≠7 mbar). This technique is based on the
interaction between a molecular beam and a substrate maintained at a controlled temperature (T sub)
in a vacuum environment. As discussed, in section 2.1.1, solid source material must vaporise before it
can be transported for deposition onto a substrate. Any of the several available tools (i.e., Knudsen
cells) may be used to vaporise the material at source inside the deposition chamber. Knudsen cells are
generally used for the evaporation of organic material. Organic materials, including small molecules
can easily be sublimed at low temperatures (normally between 100 and 500 ¶C), thus ensuring the
source design is simple.
OMBD o ers many advantages against other deposition techniques. Due to the high vacuum
environment where the growth takes place, thin layers with an extremely high purity can be produced.
Furthermore, this technique can provide a greater degree of control on the deposition parameters. The
fluxes of the vapour beams can be accurately controlled by temperature at the source, (TSource). The
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molecular beams can be independently blocked by shutters (Figure 2.5), at source and/or near the
substrate, enabling complex heterostructures with sharp interfaces to be fabricated. Very low or very
high deposition rates can also be obtained by controlling the temperature of the source.
One of the first published studies of the growth of organic material in high vacuum was carried out
as early as 1989 by Hara et al. [111]. In this report the growth of copper phthalocyanine (CuPc) films
on MoS2 substrate using molecular beam epitaxy technique (MBE) was demonstrated. Subsequently,
many reports and studies on the use of MBE for the growth of organic molecular thin films emerged
[20, 112, 113] and the technique was referred to as organic molecular beam epitaxy (OMBE) instead.
The name OMBD became more regularly used because epitaxial growth of organic thin films on
inorganic substrate does not always occur. The important di erences between organic and inorganic
MBE are:
• The distinctive nature of the molecular elements. In OMBD complex molecules are used, while
in inorganic MBE the constituents are generally single atoms.
• The interactive forces between substrate and the molecular species. In OMBD the interactions
between molecule-molecule and molecule-substrate are usually van der Waals forces, consequently
requiring lower temperatures as compared to that involved in inorganic MBE [22].
Regardless of the latest progress in the growth of ordered organic thin films, there are still many
issues which have to be resolved before the true potential of organic semiconductors can be realised
[71]. The intrinsic anisotropy of these materials is undoubtedly the most interesting property [114].
However, these often show isotropic properties because of the structural disorder caused in thin films
of the materials [115]. OMBD provides an easy route for excellent control of growth conditions in a
contaminant free environment. In order to obtain control on the deposition process steps (section 2.1)
It is very important to understand the e ect of deposition variables on the growth of the organic film.
Generally OMBD consists of a stainless steel chamber, a vacuum pumping system (e.g., Cryo or
Turbo) and ’Knudsen cells’ where the source material can be thermally heated to the sublimation
temperature by joule e ect. A quartz crystal microbalance (QCM) is commonly used to measure the
thickness of the film by monitoring the change of it’s oscillating frequency as the evaporating material
condenses on it. In general for vacuum thermal evaporation, a crucible holding the source material is
heated to su ciently high temperature by resistive heating of a wire or strip of highly heat-resistant
metal to which the source is attached. Once the atoms/molecules are evaporated inside the chamber
they travel through a reduced background pressure "P" before impinging on the substrate surface.
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According to the Langmuir expression, the rate of evaporation   (in kg m≠2 s≠1) from a surface is
given by:
  = P
3
M
2ﬁRT
4 1
2
(2.2)
Where P is the vapour pressure (in N m≠2) of the material at temperature T (in K), M is the molecular
weight and R is the gas constant [116].
Even in a vacuum chamber, the molecules travel at high velocities making frequent collisions with
residual gas molecules such as N2, O2, H2O and CO2. From the kinetic theory, the mean free path
(⁄), which is the average distance travelled by one gas molecule before colliding with any of the other
surrounding gas molecules, is expressed by:
⁄ = kBTÔ
2ﬁd2P
(2.3)
Where "P" is the vapour pressure (in Pascal) of the material at temperature T (in Kelvin), kB is
the Boltzmann constant and d is the diameter of the gas molecule and the term ﬁd2 represents cross
section of molecular collisions. The ⁄ of molecules is therefore dependent on reactor temperature and
pressure. Thus it is necessary to use low pressures, which lead to a straight beam path between the
source and the substrate. For example, in the pressure range of 10≠5 ≥ 10≠8 torr, the mean free
path of phthalocyanines (Pcs) molecules, at Tsource of ≥= 350 ¶C, is very large (≥ 25 to 25 ◊ 103 cm)
as compared to the source-to-substrate distance. The rate at which a number of atoms or molecules
arrive at the substrate per unit area per unit time is called the deposition rate Rdep. Other important
factors are the substrate temperature Tsub and chemical and physical nature of the substrate surface.
2.3 Organic vapour Phase Deposition (OVPD)
Organic Vapour Phase Deposition is a relatively new technique introduced by S. Forrest et al.[117],
in 1995 at Princeton University for the advancement of organic molecular thin films. OVPD has
been used as substitute for vacuum thermal evaporation due to considerable control over doping. The
di erence between thermal evaporation and OVPD is that the process involves thermal evaporation
of organic source materials inside a hot walled furnace chamber. OVPD provides better utilisation of
the source materials as compared to VTE due to the high temperature of the chamber walls, which
prevent the deposition of the source materials onto it.
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In addition, this also helps maintain the chamber free of impurities or contaminants. Once the
source sublimes, a diluting and inert gas flow (i.e., N2, Ar) transports the organic material to the
substrate region where they condense on a cooled substrate surface. Due to the flowing nature of the
carrier gas in OVPD, the deposition of organic materials takes place in a controlled pressure range
of 10≠3 - 15 mbar [118, 119]. This technique has shown to be e ective for the deposition of organic
thin-film transistors (OTFT) [18], organic light emitting diodes (OLEDs) [118, 120] and photovoltaics
(OPVs) [81, 121].
2.3.1 Principles of OVPD
Figure 2.5 shows the organic vapour phase deposition, where the organic material is evaporated into a
constant flow of inert gas, which is then transported to substrates where condensation takes place. In
order to deposit a uniform layer of the organic material onto the substrate, the evaporated molecules
must be well mixed within the flow of inert gas prior to deposition. The rate of mass transfer between
component stream and the substrate can be improved by executing the deposition at reduced pressures,
which increases the di usivity of gas, resulting in thickness uniformity of the deposited film. The
thin film deposition process of organic material in the OVPD technique Isis controlled by four key
parameters, these are the source temperature T source, carrier gas flow rate, V˙ , chamber pressure P
and the substrate temperature, T sub.
The supply of organic material may be a ected either by evaporation or by the carrier gas flow
rate. Source temperature T source, which directly controls the evaporation rate revap, of material from
the surface of organic solid is proportional to the equilibrium vapour pressure of the organic material
Peqorg. Whereas the condensation rate rcond, of material vapours in the source is proportional to the
actual pressure of the organic Porg.
revap = kevapP eqorg (2.4)
rcond = kcondPorg (2.5)
Where kevap and kcond are kinetic factors for evaporation and condensation, respectively.
In the limit of no carrier gas flow through the source, the two rates must balance out one another
(i.e., kevap = kcond). As shown in Figure 2.5 (b), at high evaporation temperatures and su ciently low
gas flow rates, the organic vapour and solid in the source region reaches equilibrium (i.e., Peqorg = Porg)
and the mass of organic material escaping from the source is constant. Whereas at low evaporation
temperatures and high carrier gas flow rates, the gas sweeps the organic out of the source as soon as it
evaporates, forcing the system away from equilibrium. In this situation, the mass of organic material
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Figure 2.5: (a) Schematic diagram of conceptual OVPD system and (b) growth regimes. Vapour
pressure of organics, Porg, exiting the evaporation sources as a function of temperature T at constant
carrier gas flow rate V˙ (left), and as a function of the carrier gas flow rate at constant temperature
(right) (taken from[118])
in a gas stream is proportional to revap and inversely proportional to V˙ [118]. In the equilibrium
evaporation mode the resulting flux of the organic material is proportional to the carrier gas flow rate
and vapour pressure. While in the kinetic mode of evaporation, the flux of organic material escaping
from the source is independent of the carrier gas flow. The e ect of temperature and gas flow rate on
the vapour pressure of organics escaping the source is shown in Figure 2.5 (b). The vapour pressure
of organic leaving the source in the two modes are:
P eqorg = P0 exp
3≠ Hvap
RTsource
4
(2.6)
P kinorg =
RTsource
V˙
kevapP0 exp
3≠ Hvap
RTsource
4
(2.7)
Where T source is source temperature, P0 is an empirical rate constant,   H vap is the enthalpy of
evaporation, R is the universal gas constant and the superscripts "eq" and "kin" denote the equilibrium
and the kinetic evaporation modes, respectively.
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In vapour phase deposition there are two deposition regimes, which are mass transport limit
and equilibrium limited. In the ’equilibrium’ limited deposition, the substrate temperature,T sub, is
high enough to initiate an active adsorption/desorption equilibrium between the gas phase and the
substrate. Since the probability of condensation increases with decrease in surface temperature, the
T sub therefore should be retained at low to ensure the arriving material stick with sticking coe cient
close to unity (described in section 2.1.3). However, for organic materials with high molecular weight,
room temperature (RT) is reasonably low.
In mass transport limit the deposition rate is determined by the relative rates of the convective
and di usive transport. As the organic vapours are transport by the carrier gas, there is considerable
amount of internal friction between the gas molecules and the surroundings (i.e., substrates and
chamber walls), causing for some of the gas molecules to move slower than others, thus resulting in
the formation of a stagnant boundary layer above the substrate through which the material must
di use prior to deposition (illustrated in Figure 2.5). Depending on the nature of the carrier gas flow,
the deposition rate is either limited by convection (at low carrier gas flows) or limited by di usion
across the boundary layer (at high carrier gas flows). The thickness of the boundary layer (”) at the
substrate/gas interface can be controlled by varying the total pressure in the deposition chamber. At
low chamber pressures, Pcham there will be less internal friction (intermolecular collisions), ultimately
minimising the e ect of boundary layer, and thus enhancing mass transfer to the substrate [118]. For
film uniformity of semiconductors, low pressures are generally used in organometallic vapour phase
epitaxy (OMVPE) technique [122].
In this work, for the growth of thin films of copper phthalocyanine (CuPc), deposition is typically
performed at low pressures (Æ 10 mbar) and high flow rate V˙ , of N2 (350 sccm) in a custom built
setup shown in Figure 2.7, using the adopted process of low pressure organic vapour phase deposition
(LP-OVPD)[117].
2.4 Comparison between OMBD and OVPD
There are both similarities and di erences between organic molecular beam deposition and organic
vapour phase deposition techniques:
• Pressure Range
OMBD operate in high vacuum, it has to be pumped down using turbo or cryo pumping system
to achieve the right conditions. Whereas OVPD uses an inert carrier gas and the deposition is
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generally carried out in pressure range of 10≠3 - 10 mbar. Consequently, the procedure is less
time consuming, less sensitive and does not require expensive equipment.
• Film uniformity and thickness control
In OMBD, the transport of the molecules from source to the substrate can be described as
ballistic transfer, therefor the mean free path of is comparable to the distance between substrate
and crucible. In order to achieve the uniformity of the deposited film the deposition system
design symmetry is significantly important. In OVPD, the evaporated organic molecules are
randomly delivered in the flow of the carrier gas due to collisions between molecules and the
surrounding chamber, resulting in homogeneous and uniform growth of film onto the substrate.
In addition, the uniformity of films can also be improved by maintaing the substrate on rotation
during deposition.
• Material utilisation
OVPD has been proven more e cient for material usage, mainly due to its hot wall chamber
and gas flow nature, which not only prevent the condensation at the wall but also transport
the evaporated material to cooled substrate where condensation takes place. Contrastingly, in
OMBD sublimed molecules are transported ballistically onto a substrate prior to condensation.
• Deposition rate
Deposition rates in OMBD are controlled by adjusting the evaporation temperatures of the
source. The higher the deposition rate, the more deviated the deposition is, depending on the
system vacuum regime. Whereas in OVPD, beside the temperature of the source, the deposition
rates are controlled by vapour pressure of the material and by the amount of carrier gas. Thus
deposition at higher rates can easily be carried out in OVPD.
• Morphology control
Due to high vacuum in OMBD, control over the film morphology and structural properties is
limited by the control on the deposition parameters (i.e., deposition rate and substrate temper-
ature). While, by controlling deposition variables such as source and substrate temperatures,
carrier gas flow rate and chamber pressure, OVPD delivers control over film growth and mor-
phology that is not achievable by conventional VTE, which in turn significantly a ects device
performance.
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2.5 UHV system for deposition of CuPc films
The high vacuum system used in this study for the deposition of the organic thin films, of copper
phthalocyanine (CuPc), is a purpose built commercial Kurt J. Lesker Spectros® system composed of
single large chamber. A schematic diagram of OMBD system is shown in Figure 2.6.
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Figure 2.6: Schematic 3D sketch of an OMBD system for thin film deposition in high vacuum.
This Spectros® system consist of:
• A large sliding O-ring sealed front door to the chamber for easy access to source and substrate.
• 1 x 10≠7 mbar base pressure with cryogenic pumping.
• Multiple sources (four organics and two metals) for purpose of co/multiple deposition, with
maximum host to dopant ratio of 100:0.01 for organic sources.
• Motorised substrate rotation providing uniformity of films during deposition (± 5% for all
source).
• Sample storage cassette with multiple shelves for sample and mask storage. Upto 4 square inch
(100 mm x 100 mm) substrates.
• Transfer arm allowing automatic introduction and extraction of substrates and masks without
breaking the vacuum.
• Substrate heater for controlling the temperatures (up to 600 ¶C) of the substrate.
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• Pneumatic source and substrate shutters allowing control of molecular fluxes.
• Rate control resolution of 0.1 Å/sec
• Four quartz crystal microbalances (QCMs) monitoring growth rate and thickness during depo-
sition.
• Fully computer-controlled process automation.
High purity alumina oxide (Al2O3 Ø 99%) crucibles were used for evaporation of phthalocyanine
(PCs) material in the OMBD system. Alumina ceramics are best known for its stability and high
temperature applications, i.e., resistance to chemical attack and thermal shocks. Crucible filled with
CuPc powders (purified CuPc for thin film transistors fabrication and 97% for all other depositions)
is placed inside the chamber in thermal evaporation sources. The chamber is pumped down to high
vacuum in range 106 - 107 mbar and the source material was preheated in the ’Knudsen cell’ to a
temperature slightly below the sublimation point of the compound. This is to degas impurities from
the source material; during this phase both the source shutter and the substrate shutter were held
closed. After the source temperature was stable for at least 15 min, only the source shutter was
opened, and the heating of the crucible was adjusted automatically by a feedback loop in order to
achieve a stable deposition rate at the desired value. The film thickness and deposition rate were
monitored by quartz crystal microbalances (QCM) placed in the path of the molecular beam between
the source and substrate, illustrated in Figure 2.6. Once a stable rate has been reached to desired
value, the substrate shutter opened and deposition on substrate began. The software provided with
the system measure and record the thickness and rate of the deposition process for reference and
analysis purposes. When the desired thickness had reached, substrate and source shutters were closed,
and the deposition process stopped.
The thickness and rate of deposition of CuPc films were controlled using a set of calibration
parameters (i.e., Tooling factor), which was previously obtained in a trial deposition. The deposition
rate of the Knudsen cells is monitored by a QCM which has been calibrated by cross section SEM and
absorption measurements of a thin film deposited on silicon and glass substrates respectively. Detailed
informations are provided in section 2.14 of this thesis.
2.5.1 High substrate temperature deposition
As mentioned above, the OMBD used for this study is equipped with irradiative substrate heater that
can reach nominal temperature of up to 600 ¶C. The substrate temperatures were pre-calibrated with
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3 thermocouples simultaneously. One placed near the quartz tube heater, second one is located near
the substrate holder and a third one was placed on top of substrate holder plate, which was removed
after calibration has been done. This procedure was carried with help of Zhenlin Wu, a colleague in
Heutz group. For high T sub film growth study, substrates were mounted onto the substrate holder
plate by melting Indium in room atmosphere at around 120 ¶C using hot plate. This is to hold the
substrates in place during deposition when the substrate temperature is increased. Indium is used
because of its stable thermal properties [123]. After the film deposition, the substrate is removed from
the plate and scrapped the indium from the back of the substrate using sharp blade and then cleaned
carefully with acetone to remove any remaining residue.
2.6 Evaporation of CuPc by organic vapour phase deposition
For the evaporation of CuPc films in this study, a custom-built OVPD system has been employed.
The principle is the same as already described previously in section 2.3. A detailed schematic drawing
of the OVPD system used is shown in Figure 2.7 below. The OVPD setup is made up of a concentric
quartz tubular chamber (two tubes of 1.5 m and 1.2 m in lengths and 3 cm and 2 cm in diameters re-
spectively) inserted into a metre long three zone Carbolite (HZS-12/900E) furnace. The temperatures
in all zones (equally divided in length) can be controlled independently with a Eurotherm 2416CG
temperature programmer. The flow of inert carrier gas (N2) with a stable rate is regulated by a
Mass-Flo® controller. The chamber pressure in the range of 5 to 8 mbar is adjusted with fly valves
on a two stage rotary pump (base pressure of 3x10≠3 mbar) after the carrier gas flow rate of 350
sccm (Standard Cubic Centimetres per Minute) is introduced during the growth. The inner tube in
the chamber is used to help secure positions of source material and substrates during deposition and
minimise contamination of the chamber as illustrated in Figure 2.7.
The source material, CuPc powder (Aldrich 97%) was used as supplied without any further pu-
rification required. The powder is loaded into a crucible (made of quartz) before being placed inside
the chamber. The type of crucible, a ects the film growth significantly and for this study we used
a custom-made small quartz tube (50 mm long and 10 mm in diameter) with porous sintered disc
with pore sizes of 160 - 250 µm sealed at one end. This helped achieve a uniform source flow mixed
well with the carrier gas. Substrates were placed at opposite ends of the inner quartz tube at various
distances from the source, corresponding to di erent temperatures once the furnace has reached its
maximum temperatures as shown in Figure 2.8. To ensure a clean environment inside the chamber
during film growth, the chamber was prepared using a two-step process. Initially the chamber was
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Figure 2.7: (a) Photograph of homebuilt organic vapour phase deposition (OVPD) system and (b)
setup schematics. Organic source materials are heated in a chamber in a three-zone furnace, where N2
carrier gas picks up the organic vapour. Zone1 in the furnace is heated above the organic evaporation
temperature. The temperatures in all zones are monitored by in-built thermo couples in carbolite.
The N2 gas flow rates is controlled by Mass-Flo® control (MKS 1179A and MKS 247D) systems and
the chamber pressure is controlled by two stage rotary pump (BOC Edward E2m18).
pumped down with a rotary pump for 30 minutes followed by flushing with high purity N2 gas for
next 15 minutes before initiating the growth sequence.
2.6.1 Temperature ramp & gradient
The metre long furnace consists of three similar zones, where the temperatures in all zones can be
controlled independently. The maximum temperatures of the furnace at zone 1, zone 2 and zone 3
during deposition were set to 480 ¶C, 440 ¶C and 180 ¶C respectively. These are referred to as source
evaporation, normalisation and re-crystallisation zones. The actual temperatures were measured using
a thermocouple placed inside the camber in the condition and pressure identical to the ones during
growth. The results of the calibration are plotted in Figure 2.8. The three maximum temperature
zones obtained through a steady increase from room temperature at a rate of 20 ¶C/min until 40 ¶C
below maximum temperatures, followed by 10 minutes dwelling. Then a gradual ramping at 3 ¶C/min
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for 10 minutes followed by a 5 minute dwelling period and a final ramping rate of 1 ¶C/min until the
maximum set temperatures were set.
2.6.2 Standard conditions
Growth studies are reported through adjustment of growth conditions namely, substrate temperatures,
chamber pressure and growth time. Growth times are reported from the instant the furnace heating
is started. Each study kept a constant standard condition by only changing one variable at a time.
In standard conditions the maximum furnace temperatures in all three zones were 480 ¶C, 440 ¶C
and 180 ¶C with the carrier gas flow rate always being 350 sccm, pressure kept at value of 6.0 mbar
with the corresponding source-to-substrate distances in range 45 - 75 cm and substrates temperatures
always in the region of 350 ¶C, 195 ¶C, and 80 ¶C. All film growth times were kept at 100 minutes,
counted from the time that the heating process was started. The final source temperature of 480 ¶C
was reached after 60 minutes.
2.6.3 Mean free path and flow nature
In controlled growth environment of OVPD it is important to consider the significance of mean free
path ⁄ (mfp) and flow nature of the N2 gas molecules responsible for carrying the CuPc molecules and
consequently influence the stoichiometry of deposited films. Mean free path and Reynolds Re number
were calculated to study the nature of the flow. The mean free path of carrier gas, average distance
travelled by one gas molecule before colliding with any of the other surrounding gas molecules. The
⁄ (Equation 2.3) of molecules is therefore dependent on chamber pressure and temperature, and at
any given pressure the mean free path decreases with a decrease in temperature as shown in Figure
2.9. Similarly the nature of the flow depends upon the velocity, density and viscosity of the gas phase
which is influenced by the deposition conditions inside the chamber.
• Velocity, ‚ = V˙ /ﬁr2. Where V˙ is volumetric flow rate (e.g., 350 sccm), and r is the radius of
the inner quartz tube = 0.12 cm.
• Density, ﬂ = MWPdep/RT . Where Mw is the molecular weight of carrier gas, Pdep is chamber
pressure, R is universal gas constant (= 8.314 J/mol K) and T is the temperature of the chamber.
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Figure 2.8: (a) Schematic of the furnace with outer quartz tube, an inner tube [30 cm outside the
furnace] and source and substrates placed along the length of the furnace. (b) Furnace temperature
reading in all zones at varied length (c) Substrates temperature profile in 3D (temperature, distance
and time).
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Figure 2.9: Mean free path calculation of CuPc molecules in OVPD chamber as function of temper-
ature and pressure.
• The viscosity of the carrier gas can be approximated using SutherlandÕs relation.
µA = µref
A
TA
Tref
B3/2
Tref + S
TA + S
(2.8)
Where µA is viscosity at a known absolute temperature (Tref ), S is the Sutherland’s constant
and has specific value for each material. For example for nitrogen, µA = 17.81 ◊ 10≠6 Pa s, at
Tref = 300.55 K with S = 111K.
Reynolds numbers
Reynolds’s number, which determines the nature of the flow by correlating the inertial forces to viscous
forces of fluids, is calculated using the following expression:
Re =
ﬂ‚d
µ
(2.9)
Where ﬂ, ‚ and µ are the density, velocity and viscosity of the gas phase, respectively. Here, d
is the inner diameter (2.4 cm) of outer quartz tube in proposed OVPD setup. Calculated Reynolds
numbers (2.0 ◊ 10≠2 - 1 ◊ 10≠1) are well below 1, suggesting nature of the flow is highly viscous
’laminar’ motion.
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2.7 Substrates used
For the deposition of copper phthalocyanine (CuPc) films using both deposition techniques (OMBD &
OVPD), a range of substrates have been used, i.e., glass, indium tin oxide (ITO), silicon oxide (SiO2),
silicon nitride (SiNx), gold (Au) and bottom-gate, bottom-contact transistor structure for fabrication
of CuPc based field e ect transistors (FETs) [details are given in section 1.4.5]. All the substrates used
are non-interacting a with the molecules and the only force involve is van der Walls type and therefore
no chemical reaction is expected. However, the surface energy of these substrate, may have an e ect
on the final film properties, which changes with surface temperatures of the substrate. (Results are
discussed in Chapter 4).
Glass substrates were chosen to optimise growth parameters in deposition techniques and perfect
deposition procedures for fabrication of CuPc based electronic devices. The ITO substrates used in
this study are ITO(211) plane oriented. Due to high electrical conductivity and optical transparency,
ITO is generally used in fabrication of PVs. SiO2 and SiNx were chosen as substrates since they are
well-known and widely used in thin film transistor technologies (i.e., MOSFETs). These can also be
easily cleaned and present an atomically uniform surface.
2.8 Substrate cleaning
All these substrates were pre cleaned, to obtain a contamination-free surface, with standard cleaning
procedure: sonication in acetone and then in IPA bath for 10 minutes each time, rinse with IPA and
dried in flow of nitrogen gas stream, before loading into the OVPD chamber. The surface morphology
and crystal structure of CuPc films grown were characterised by LEO-Gemini 1525 field emission gun
scanning electron microscope (FEGSEM), X’pert di ractometer (using Cu K– radiation) operated
in the ◊ - 2◊ mode and Perkin Elmer Lambda UV/Vis spectrometer. SEM samples were metallised
with a very thin layer ( 10 nm) of chromium to avoid charging the sample and improve image quality.
For XRD and UV/Vis absorption characterisation the CuPc films grown on glass substrate were used
as obtained. Since the absorption is directly proportional to the film thickness for low absorptivities
[124], absorption spectrum was used to estimate the amount of material present on the substrate.
Film thicknesses and deposition rates for OVPD grown samples were estimated by simply comparing
the UV-Vis absorption intensity in Q-band of a CuPc film with known thickness (OMBD grown).
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Part II - Thin Film Characterisation Techniques
To understand the e ect of the deposition conditions in the compositional properties and to recognise
their influence in the final opto-electronic properties the morphology, optical, structural and electrical
properties of the copper phthalocyanine (CuPc) thin films and nanowires have been characterised.
This chapter presents the di erent techniques used for characterisation which includes electronic spec-
troscopy (UV-Vis), X-ray di raction, atomic force microscopy (AFM), scanning electron microscopy
(SEM) and current-voltage (I-V) analysis.
2.9 Electronic Spectroscopy
The term Spectroscopy is referred to an analytical study concerned with the measurement of the
interactions between matter and radiant energy. The term also relates the equipment required to
record such measurements and the understanding of these interactions both at fundamental level as
well as at practical analysis.
2.9.1 Single Molecule spectroscopy
In organic molecules the electrons fill molecular orbitals following the same rules as for filling atomic
orbitals. Upon illumination of ultraviolet (UV) or visible (Vis) light, radiations can be absorbed
by a molecule, resulting in an electron being promoted from ground state into an unoccupied level
and the molecule is known as electronically excited. This phenomena form the basis of electronic
absorption spectroscopy. After a short time the excited molecules tends to relax back to its original
ground state by a number of processes i.e. releasing energy in form of heat (non-radiative process)
or photons (radiative process). The latter lead to phosphorescence (triplet to singlet) or fluorescence
(singlet to singlet), two-forms of photoluminescence [125]. Fluorescence is short lived with decay time
of the order of ns (10≠9); whereas phosphorescence is relatively long lived with decay time in range
of µs-ms (10≠6 - 10≠3). All these processes are summarised in the diagram in Figure 2.10(a). Ab-
sorption measurements can be carried out indicating the existence of a band gap in material. For
a given molecule, number of other parameters can also be obtained, i.e., Ionisation energy, Electron
a nity and Band gap (absorption energy). However, the measured absorption energies are typically
lower than predicted due to electron-electron interactions, excited and anion molecule re-configuration.
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Figure 2.10: (a) Jablonski diagram, principle of excitation and emission, showing singlets states (S0,
S1, & S2) and an additional state that only exists in the excited state labelled ’T1’ indicating that it
is the 1st excited ’triplet’ and (b) molecular energy bands.
The semiconducting nature of conjugated organics are best described as the transition and filling
of bands with ﬁ electrons. Energy levels that are filled are called highest occupied molecular orbital
(HOMO) while the empty level is referred to as the lowest unoccupied molecular orbital (LUMO).
HOMO state can be called ground or labelled as S0, indicating the ground singlet state. Similarly
charges in the LUMO state are labelled as S1 indicating the 1st excited singlet state. The movement
(or excitation) of an electron from the HOMO state to the LUMO state is named as the ﬁ - ﬁú
transition. Aside from these two states another triplet state only exists in the excited state and is
labelled as T1. The excited states can occur in organic materials such as polymers and molecules
and therefore the (Sx) states must be taken into consideration. Inherent vibrational and rotational
freedom are permitted to the states by coupling through the phonon coupling process. The result is
a split of electronic states into numerous vibrational states. A by-product can result in broadening of
the emission and absorption spectra.
As mentioned, the absorption (Abs) and photoluminescence (PL) measurements can give us infor-
mation on the ground and excited states of organic complexes. For UV-Vis measurements, material
in a solution form or solid film form is usually placed between the radiation source and detector as
shown below in Figure 2.11; specific materials have a specific absorption spectrum that acts as finger-
print.A light source of various wavelength (usually either a UV deuterium lamp or a VIS tungsten or
tungsten/halogen lamp) is passed through a monochromator, where a single wavelength incident light
is picked and split into two equal beams. One of which then passes through the sample and the other
through a reference. Two photo detectors are used to measure the transmittance and converted to a
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digital signal. The transmittance is defined as the ratio of the intensity of light that passes through
the sample over the intensity of light that gets through the reference.
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Figure 2.11: A schematic diagram of UV-Vis spectrometer.
2.9.2 Absorption Spectroscopy
The absorbance of a material can be determined from its transmittance (T); this is the ratio of the
intensities between the intensity of incident light (Io) and transmitted light (IT ).
T = I
Io
(2.10)
Thus the absorbance (A) in optical densities (OD) can then be rewritten in terms of the transmit-
tance or percentage transmittance (%T). When all the light that passing through a sample is absorbed,
transmittance %T = 0 and absorption A = 2, but if all is transmitted, %T = 100% and A = 0.
OD = A = log10
Io
I
(2.11)
The amount of UV-Vis absorption can be measured by relating the concentration of various sub-
stance atoms, ions or molecules through the Beer-Lambert law [126]. The law states that the amount
of absorption at a given wavelength by an absorbing compound in a non-absorbing solvent is found to
be depending upon the concentration c of the compound and upon the path-length b of the sample
holding cell. This is expressed in equation 2.12.
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A = Ábc (2.12)
Where A is the absorbance, Á is the molar absorption coe cient (M≠1 cm≠1), b the path length (in
cm) and c the concentration (in M or mol/l). The law is generally well obeyed for fairly dilute samples
and thin films [127]. For thin films, when the absorbance does not saturate but remains below 2
(i.e., the transmittance is not 0 %), the absorbance of molecular thin films can thus be related to the
absorption coe cient (–) and film thickness (L).
A = –L (2.13)
Experimental
The electronic absorption spectra of CuPc films and nanowires were collected using a Perkin Elmer
Lambda 25 UV/Vis spectrometer. Molecular thin films and nanowires were grown on microscopic
glass slides and were each mounted at mid position in the path of a perpendicular incident beam. This
was to ensure that each time samples are illuminated over the same total area. The absorption was
recorded between 300 nm and 1100 nm. Background and growth substrate spectra were subtracted
from the data for presentation purposes.
2.10 X-ray Di raction
X-ray di raction (XRD) is an experimental technique that can be used to study the crystallographic
structures of natural and manufactured solid materials. XRD is a non-destructive and flexible method
that reveals in depth information about the chemical and physical makeup of sample. XRD technique
involves detection of scattered intensities of an X-ray beam after hitting a sample’s surface. In other
words when an X-ray beam of certain wavelength hits an atom or an array of atoms, the electrons
present around the atom initiate to oscillate at same frequency as the incident beam. The oscillating
electrons will result in destructive interference, if the combining waves are out of phase. But since
atoms in a crystal are in well-ordered arrangement, therefore in very few directions there will be a
constructive interference; waves will be in phase and thus causing a well-defined X-ray beam to escape
back out of the sample. In brief, di racted beam is essentially a beam composed of a large number of
scattered rays.
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2.10.1 Crystal lattice
The smallest building block of a crystal is a unit cell. Unit cell can generally be used to define the
crystal structure and thus construct the crystal lattice. In a unit cell, atoms are arranged in smallest
order of volume, as shown in Figure 2.12(b). The lengths (a, b and c) and angles (–, —, and “) that
make up the unit cell are known as the lattice constants or parameters, which can be determined by
XRD. In crystal lattice the atoms are distributed in a regular three-dimensional space. In general,
these atoms are arranged so that they form a sequence of parallel planes with separating distance d
from one another. In crystals, planes are found in di erent orientations; each orientation with its own
specific value of separation d. Planes are defined by three integers, called Miller indices, h, k, and l.
An example of di erent Miller indices for a cubic lattice is given in Figure 2.12(a).
Figure 2.12: (a) a selection of planes of a cubic unit cell, as denoted by the Miller indices shown. (b)
Definition of the angles and lengths that make up a unit cell.
2.10.2 Bragg’s Law
In crystals, di raction occurs only when Bragg’s Law is satisfied.
n⁄ = 2d sin ◊ (2.14)
Where ⁄ is X-rays wavelength, d is the spacing between the planes in the atomic lattice and ◊ is the
di racted. In XRD measurements a monochromatic x-ray beam with wavelength ⁄ is radiated onto a
crystalline material at an angle ◊, as shown in Figure 2.13. Constructive interference only takes place
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for certain ◊’s correlating to a (hkl) planes, when the path di erence is equal to n⁄.
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Figure 2.13: A schematic of the di raction of x-rays from a crystal lattice in which scattering centres
(atoms or molecules) are shown as spheres whilst the x-ray beam is shown as red lines.
In general XRD spectra are obtained in ◊-2◊ mode. Only planes of atoms that share the same
normal will be seen in the ◊-2◊ scan. The ◊-2◊ scan maintains the incident and di racted angles with
the sample, detector and X-ray source. Using Bragg’s law (Equation 2.14), the values of ’d’ can be
calculated using the experimental plot of XRD data.
2.10.3 Determination of crystallites sizes
Scherrer’s formula can also be employed to determine the average diameter of nanometre scale crystals
using XRD.
t = k⁄
B cos ◊ (2.15)
Where ’t’ is diameter of crystallite in nm, k is constant dependent on crystallite shape, ⁄ is wavelength
of X-ray source, B is FWHM (full width at half max) or integral breadth in radians and ◊ is the Bragg
angle. Scherrer’s formula is used when crystallite size is less than ≥1000 Å. Also used when there is
broadening of XRD peaks, peak broadening is often caused by either size of crystallites, strain or by
instrument used.
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Experimental
In our investigation, XRD scans of CuPc film grown on variety of substrates were obtained using a
Phillips X’pert x-ray di ractometer with a source Cu K– and wavelength, ⁄ = 1.54 Å. Experiments
were performed in 2◊ range between 5¶ and 30¶.
2.11 Atomic Force Microscopy
The atomic force microscope (AFM), or often referred to as scanning force microscope (SFM) was
invented by Binning, Quate and Gerber in 1986. The invention later led to the use of whole new
family of instruments known as scanning probe microscopes (SPMs). SPMs are widely used in the
study of the surface properties of materials at nano-meter scale. Just like all other SPMs, the AFM
make use of a microscopic sharp probe (or tip) which moves over the surface of a sample in a raster
scan and detects any change in height. The two important components of AFM are the probe and the
scanner 1.
For an AFM, the probe is integrated into a small (typically less than 100 m long) cantilever
usually made from silicon or silicon nitride and connected to a piezoelectric crystal: the scanner.
Atomic force microscopy is based on the detection of the weak interactions forces between the surface
under investigation and the tip of the local probe. According to Hooke’s law, the forces involved can
cause the cantilever to bend, or deflect.
F = ≠kd (2.16)
Where F is the force, k is the force constant and d is the displacement of the cantilever. The deflection
is normally measured using a light beam from a laser diode reflected of the top of the free end of the
cantilever and incident on photo-detector (PD). Consequently, the PD measures the changes in can-
tilever movements as the tip is scanned over the sample surface. To prevent the cantilever from being
damaged a feedback loop changes the vertical extension of the scanner in order to maintain the deflec-
tion of the cantilever. The scanner is capable of sub-Angstrom resolution in x, y and z-directions. The
z-axis is conventionally perpendicular to the sample. The basic components of an AFM are shown in
Figure 2.14(a). AFMs can function in many di erent mods, namely contact, tapping and non-contact
mode. However, contact mode and taping mode are the two most commonly used modes, regimes are
1Veeco Instruments Technical Report, 2005
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highlighted in Figure 2.14(b).
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Figure 2.14: (a)Typical optical detection scheme in atomic force microscope. A laser beam reflected
on the free end of the cantilever is focused on a four-quadrant PSPD. This allows the precise detection
of small cantilever deflections and (b) Interactions (van der Waals force) between the tip and the
surface as a function of the distance between both surfaces. The highlighted regions are the regimes
at which the contact and non-contact AFM work.
During use in contact mode the tip is moved over the surface by the scanning system, a value of
the cantilever defection is selected and then the feedback system adjusts the height of the cantilever
base to ensure that the deflection remains constant as the tip moves over the surface. In tapping mode
the cantilever oscillates at or slightly below its resonant frequency. The tip makes repulsive contact
with the surface of the sample at the lowest point of the oscillation. Whereas, for non contact mode
the AFM, the cantilever oscillates slightly above its resonant frequency, in which case the tip does not
make contact with the sample surface but instead oscillates above the surface during scanning.
Experimental
The surface morphologies of various substrate, i.e., TFTs, ITO, SiNx, SiO2, and Au on glass and
deposited films and nanowires of CuPc were studied using Digital Instruments Nanoscope Dimension
3000 in LCN 2. Most of the findings reported in this work were measured in contact mode using a single
beam cantilevers with Aluminium Backside coating (NSC15/AlBS/15) purchased from MikroMasch.
2London Centre for Nanotechnology at University College London (UCL)
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2.12 Scanning Electron Microscopy
Scanning electron microscopy (SEM) uses a focused beam of electrons to scan the targeted area on
sample, which is held in a vacuum, and produce magnified image. The beam of electron is generated
at the top of microscope by an electron gun, and accelerated towards the sample with high energy
ranging from 1 keV to 40 keV. The beam follows a vertical path and travels through a number of lenses
and electromagnetic field, which focus the beam down to a very fine focal spot sized 0.4 nm to 5 nm
[128]. The scanning coils deflect the beam horizontally and vertically so that it can image in a raster
scan pattern across the sample surface. A detailed schematic of an SEM is show in Figure 2.15(a).
The incident beam electrons interact with the atoms of the sample producing a variety of signals from
the sample’s surface, the most common being secondary electrons (SE), backscattered electrons (BSE)
and x-rays. Detailed information about the sample’s surface topography, chemical composition and
even electrical conductivity can be obtained depending on the signals detection mode.
After striking with the sample, the primary electrons lose energy by repeated scattering and ab-
sorption within a teardrop-shaped volume of the specimen known as the interaction volume, as shown
in Figure 2.15(b). Depending on the electron’s landing energy, atomic weight of the sample and the
sample density, the depth of interaction volume can vary from few 10nm to few µm into the surface.
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Figure 2.15: (a) Schematic of the main components of a scanning electron microscope (SEM) and
(b) Representation of the interaction volume.
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Generally, SEM images are obtained in secondary electron (SE) signal mode, since it is the best
signal for obtaining topographical information on sample. Secondary electrons are those loosely bound
electrons which have received su cient kinetic energy and have been displaced from the outer shell of
sample atoms during the beam-sample interaction. This SE imaging process relies on a raster-scanned
primary beam. The brightness of the signal depends on the number of secondary electrons reaching
the detector. If the beam enters the sample perpendicular to the surface, then the activated region is
uniform about the axis of the beam and a certain number of electrons "escape" from within the sample.
As the angle of incidence increases, the "escape" distance of one side of the beam will decrease, and
more secondary electrons will be emitted. Thus steep surfaces and edges tend to be brighter than
flat surfaces, which results in images with a well-defined, three-dimensional appearance. Using this
technique, resolutions less than 1 nm are possible.
Experimental
The SEM used in relation to this work is field emission gun scanning electron microscope Leo Gemini
1525 FEGSEM this is a state of the art SEM capable of setting a minimum resolution of 2 nm
(theoretically). The system can also allow imaging a range of samples including biological or "soft"
samples. In our investigation of the phthalocyanine molecular films, the SEM chamber was generally
operated at high vacuum ◊ 10≠6 Torr with detector setting of secondary electrons (SE). The molecular
films grown on non conducting substrate were metallised with a very thin layer (≥20 Å) of chromium
to avoid charging of the sample and improve image quality.
2.13 Current-Voltage characterisation
Current voltage (IV) characterisation is the relationship between the current through a particular
device and the voltage applied across it. Measurements of IV can be plotted on a chart (IV curves) to
illustrate the parameters of the device and to model its behaviour. For transistors IV curves can be
plotted by measuring the drain current (ID) against drain-source voltage (VDS) and drain current (ID)
against gate-source voltage (VGS). The relationship between ID , VDS and VGS can be categorised as
three regions of operation; cut o  region, ohmic region and saturation region for p-type.
The cut-o  region is when ID = 0 for all values of VD and VGS < Vt.
The ohmic region is when VGS > Vt and VDS < [VGS - Vt].
The saturation region is when VGS > Vt and VDS > [VGS - Vt].
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The CuPc film and nanowires based OFET current, I, versus voltage, V, characteristics were
measured in an electrically screened chamber under vacuum and ambient conditions using an Agilent
B15003 analyser and Keithley 24004 systems, respectively. To measure the output characteristics of
the CuPc TFTs, a DC voltage was applied to the gate while the value of the drain-source voltage
(VDS) was swept in forward and reverse directions. During this time, the drain current (IDS) was
measured. This loop was performed several times with di erent gate voltages. To measure the transfer
characteristics of TFTs, a DC voltage was applied to the drain and the drain current was measured
at each point of a defined gate voltage (VG) sweep for both forward and reverse directions. The I-V
measurements for both output and transfer characteristics of TFTs were made using three probes. A
schematic shown is shown below in Figure 2.16:
Gated substrate
Insulator (i.e. SiNx, SiO2)
Source Drain
Organic Semiconductor
Gate voltage (VG)
Electrons/Holes outElectrons/Holes In
Metal contact
i.e. Probe
Figure 2.16: A voltage applied at the gate controls the flow of charges from the source to the drain;
a negative gate voltage attracts holes to the bottom surface of the semiconductor film and creates a
conduction channel. When the source is connected to the ground (0 V) and a negative potential is
applied to the drain (VDS), a current (IDS) flow in the channel depending on the gate potential (VG)
and the source-drain potential (VDS).
Device fabrication
CuPc material with 97% purity is obtained from Sigma-Aldrich Co. and is used without further
purification, except for device fabrication using OMBD. Where single crystals of CuPc are milled
into powder form. The CuPc in the form of —-polymorph single crystals are obtained by gradient
sublimation using OVPD. CuPc thin films and nanowires were grown on pre-patterned FET structures
substrates, Figure 7.1(a), by OMBD and OVPD techniques.
For the OMBD fabricated FETs, experiments are performed on devices with di erent channel
lengths (5, 10, 15, 20, 25 and 50 µm) and the two di erent dielectrics, SiO2 and SiNx, as insulating
3Measurements were made by myself & James Stott in the Thin Film Technology lab. in LCN at Imperial College
4 Measurements were mainly made by James Stott in LCN at University College London (UCL)
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layer between the gated substrate and CuPc films. For the SiNx substrates, four type of layers varying
in [N]/[Si] ratios are investigated. These are labelled as; C1, C2, C3 and C4 with a corresponding
decrease in the [N]/[Si] from 1.73, 1.61, 1.52 and 1.4 respectively. CuPc thin films of ≥ 50 nm (at a
rate of 0.2 Å/s) were deposited on substrates, at substrate temperature T sub of room temperature,
using OMBD under high vacuum (◊10≠7 mbar).
For the OVPD grown CuPc FETs, the CuPc films were deposited in standard growth conditions,
i.e., T source = 480 ¶C, Pdep = 6.0 mbar, tdep = 100 mins, and carrier gas flow of 350 sccm. The
pre-patterned FET structures substrates shown in Figure 7.1(a), are placed in the OVPD quartz tube
at di erent source-to substrate distances corresponding to di erent substrate temperatures. T sub =
RT (85 cm), 85 ¶C (75 cm), 200 ¶C (55 cm) and 350 ¶C (45 cm). FETs containing CuPc nanowires in
the channel region are grown in ambient conditions, as described in section 5.2.
Device characterisation
Current-Voltage (I-V) measurements have been carried out to study the influence of the di erent de-
position conditions, morphology and crystal structure on the transport properties of the CuPc. The
I-V behaviour of these devices were characterised under vacuum and in dark unless otherwise specified.
After the deposition of CuPc, the devices are transferred in an air-tight nitrogen flask to the probing
station which consist of a vacuum chamber connected with an Agilent B1500A Semiconductor Device
Analyser. The substrate on the back side is mounted onto the substrate stage, Figure 2.17, with silver
paint for electrical contact and pumped down to 5 ◊ 10≠5 mbar.
2.14 Thin film calibration and monitoring
An ideal situation would be to have su cient understanding of the process such that with precise
control there is no need to monitor the deposition process in real time. However, in reality there are
numerous variations in the process such that it is critical to have some form of monitoring system
in order to check the quality, reproducibility and control the deposition process. There are various
measurement options, in-situ or ex-situ, and it depends on the nature of the deposition process.
Once the calibration has been made for that particular machine, the deposition conditions are often
accurate enough to obtain reproducibility and reach a desired film thickness simply by monitoring
the optical characteristics. For thin film of CuPc in this study, QCM was calibrated and used in the
OMBD system to monitor the film thicknesses. In case of the OVPD, where no real-time monitoring
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Figure 2.17: Camera photographs of (a) Agilent analyser and (b) Cryostat with substrate attached
to the chuck in the central cavity. Accessible in Thin Film Technology Laboratory in London Centre
for Nanotechnology at Imperial College London.
was possible, film thicknesses were calibrated according to growth parameters (i.e., growth time and
substrate temperature and source-to-substrate distance) and their optical absorption properties.
2.14.1 In-situ Calibration
As mentioned earlier, in the OMBD system a number of quartz crystal microbalances are provided,
as shown in Figure 2.6, for the purpose of control of the deposition process (i.e., deposition rate
and film thickness). Before commencing any study of the CuPc films, a trial deposition was carried
out depositing a film of 100 nm at 1 Å/s on several substrates of di erent types and on the QCM
simultaneously. Di erent substrates were used in order to characterised the films independently by
di erent techniques listed above in this chapter. Initially, an arbitrary number was chosen for the
tooling factor of the QCM used. Tooling factor is determined by the ratio of the rates at which
material is deposited on the QCM and on the substrates. The real thickness of the deposited film was
measured and the tooling factor was corrected accordingly, using the following expression:
Fcorrected = Farbitrary ◊
3
Tmeasured
Tmonitored
4
(2.17)
Where F corrected and Farbitrary are the two tooling factors and Tmeasured and Tmonitored are the av-
erage measured film thickness (for example, by SEM, AFM or optical characterisation) and monitored
Chapter 2 - Part II. Thin Film Characterisation Techniques 61
thickness by the QCM respectively.
SEM ⊗
100 nm
Substrate
a) b)
CuP
c film Substrate
Figure 2.18: (a) Schematic representation of cross-section SEM imaging of CuPc film for thickness
calibration purposes and (b) SEM Cross section view of a 100nm CuPc film on glass substrate.
Cross-section SEM technique was used to measure the film thickness as shown in Figure 2.18 and
coupled to the optical absorption spectroscopy findings. The process was repeated every time and
for various thicknesses of CuPc films and from same source (Knudsen cell in OMBD) in order to
monitor the reproducibility and to find a relationship between the deposited films thickness and their
absorption properties. Which were then later used to estimate the film thickness of CuPc films grown
in the OVPD system.
Quartz crystal microbalance
A quartz crystal microbalance (QCM) is a device which make use of the piezoelectric resonance e ect
of quartz to measure very small changes of arriving mass on its surface. In QCM the resonance
frequency is a function of its own mass load and very small changes of mass (equivalent to less than
a monolayer) can be detected [129]. As described above, the very common use of QCM is a mass
sensor and is used to determine thin film thickness and deposition rates. The relationship between the
shift of resonance frequency and arriving mass, crucially important for ease of use in a QCM was first
derived by Sauerbrey in year 1959 [130]. Considering, if the deposited film material was an extension
of the thickness of the underlying quartz, an equation (Equation 2.18) can be derived to calculate the
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change in resonance frequency as function of change of mass of arriving material.
 f = ≠2 mf
2
0
A
Ô
ﬂqµq
= ≠ 2f
2
0
A
Ô
ﬂqµq
 m (2.18)
SauerbreyWhere the resonant frequency and change in frequency (in Hz) are f 0 and  f respectively.
 m is change in mass (g). A is the piezoelectrically active area of the QCM (cm2). ﬂq is the density
of quartz ( 2.648 g/cm3) and µq is the shear modulus of quartz (2.947 ◊ 1011 g/cm.s2). Sauerbrey
equation is often written in simple form, following Equation 2.19:
 f = ≠ m · Cf (2.19)
Where  f is observed frequency change (Hz),  m is the change in mass per unit area (g/cm2) and
Cf is the sensitivity factor for the crystal used (i.e., 56.6 Hz µg≠1 cm2 for a 5 MHz AT-cut quartz
crystal at room temperature. Since the film is considered as an expansion of the thickness of the
quartz, conditions are to met; in order to apply Sauerbrey’s equation. The conditions are: The
deposited material must be firm, it must be distributed evenly on the quartz surface and the change
in frequency ( f /f ) as a result be lower then 0.02 [131]. However, in the case of vacuum and gas
phase thin-film depositions these conditions cannot be fulfilled 5 and Z-match method must be used
to calculate film thickness.
 m
A
= Nqﬂq
ﬁZfL
tan≠1
5
Z tan
3
ﬁ
fU ≠ fL
fU
46
(2.20)
Here, fL is Frequency of loaded crystal (Hz), fU is Frequency of unloaded crystal, i.e., Resonant
frequency (Hz), Nq is frequency constant for AT-cut quartz crystal (1.668 ◊1013 Hz.Å) and Z is a
factor of µq and µf , shear modulus of the film.
In our study of CuPc films deposited in OMBD, An INFICON manufactured, Front Load Single
Crystal Sensors with 6 MHz (resonant frequency) Gold quartz crystal microbalance and SQM242 thin
film deposition controller were used.6 Many of the parameter stated in equations 2.18, 2.19 and 2.20
are only known for bulk material and transfer to film properties are not always practical. Hence,
direct calculation of the film thickness was not achievable. Instead ex-situ calibration was used in
combination with tooling factor, described in section 2.14.1.
5QCM100 - Quartz Crystal Microbalance Theory and Calibration, Stanford Research Systems
6More details can be obtained from INFICON (www.inficon.com) or Kurt J. Lesker (www.lesker.com).
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2.14.2 Ex-situ Calibration
As discussed earlier in section 2.9.2, the ultraviolet and visible (UV-Vis) spectroscopy is based on
Beer-Lambert’s law. Where the law states that the amount of absorption at a given wavelength by an
absorbing material is dependant on the concentration of the material. Hence, the strength (intensity) of
the electronic absorption of a molecular thin film is proportional to the measure amount of molecules
excited, which is consecutively relative to the thickness, L, of the film. This phenomenon can be
demonstrated for CuPc films grown in OMBD chamber as shown in the Figure 2.19(a). In OMBD
the film thickness is measured in-situ using a quartz crystal monitor. Therefore the thickness of the
samples can be estimated by simply comparing the UV-Vis absorption intensities of films with known
thicknesses to UV-Vis absorption intensities of films of unknown thicknesses. In order to estimate
the absorbance of each film, spectra over the range of the Q-band were integrated. For CuPc, this
range is from 500 nm to 900 nm. The correlation between the absorption intensities (A1 and A2) and
the integrated areas (x1 and x2) over the Q-band range of film samples with known and unknown
thicknesses respectively can be illustrated as:
A1
A2
¥ x1
x2
(2.21)
Where 1 and 2 represent the two film samples. But since, the film thickness ’L’ is proportional to the
absorbance ’A’ of same film, Equation 2.13. By substitution,equation can be to estimate the thickness
of the unknown film.
L2 =
A2L1
A1
(2.22)
The estimated thickness values for above CuPc films can be plotted against their measured thick-
nesses (QCM), which were also measured (for 100nm and 50nm) using cross-section SEM imaging
techniques, as illustrated in Figure 2.19(b). The linear fit shows that the estimated film thickness and
the corrected QCM readings, by correcting the ’tooling factor’, are in great agreement.
Other Tools and Techniques
• SEM-Imaging:
Emitech K-575X sputterer is used for metallisation and imaging of CuPc films and nanowires
with a ≥10 - 20 nm layer of chromium (Cr).
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Figure 2.19: (a) UV-Vis absorption spectra of CuPc films deposited in OMBD on glass with dis-
tinct thicknesses and (b) Film thickness calibration between the absorption of CuPc films of known
thicknesses against their measured thicknesses. Linear fit through origin for the thickness calibration
between the measured thickness on the QCM and the estimated film thickness via UV-Vis comparison.
• Software Packages:
ImageJ, Macnification and Osirix for Macintosh are used to process SEM images.
WSxM software is used for AFM image processing.
• Data Analysis and Graphing Packages:
Data Processing - Origin (for windows), Igor Pro and MS Excel are used for data processing.
Graph Plotting - Datagraph is used for data graphing and presentation.
• Schematics:
Schematic diagrams are prepared using Apple’s iWork (Pages).
Mercury software is used to project molecular planes and orientations.
Chapter 3
CuPc Thin Films grown by OVPD
A systematic study of CuPc thin films grown on glass substrates, using Organic Vapour Phase Deposi-
tion (OVPD) technique in various conditions: by controlling the substrate temperature (Tsub), growth
time (tdep), and deposition pressure (Pdep) is presented. The morphology, structure and optical prop-
erties of CuPc films are investigated using Scanning Electron Microscopy (SEM), X-Ray Di raction
(XRD) and electronic (UV-Vis) absorption spectroscopy methods. The film properties sensitively de-
pend on the growth parameters used. Films of CuPc containing mix of di erent polymorphs; – and —,
phases have been characterised.
Encouraged by the development of organic opto-electronic devices, an intense research e ort has
been dedicated to the preparation and characterisation of organic molecular solids in form of thin
films. Among these organic materials, di erent Metal phthalocyanine (MPcs) compounds and in
particular Copper Phthalocyanine (CuPc) amorphous and crystalline thin films are widely used as an
absorption layer or electron donor layer in organic photovoltaic [4, 132] or hole transporting layer in
organic thin film transistors [35]. For these reasons, CuPc remains as one of the important organic
molecular materials. The film properties, the optical and electrical properties of di erent forms of
CuPc films have been studied intensively. In order to further understand and tailor the properties
of these films, a study on the growth and characterisation of polycrystalline films is not just useful
but also vital. As mentioned previously in Chapter 2, organic thin films can be grown using any
of the di erent methods available. The film growth mechanism of phthalocyanines (Pcs) and other
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organic materials, for fabrication of organic electronic devices, using the OVPD has previously been
investigated as function of various deposition parameters [17, 26, 133].
As explained earlier in section 2.3, in OVPD the source materials is held at su ciently high source
temperature allow the powder source to sublime into a gaseous form. An inert gas then transport
the vaporised phase to a relatively cool substrate temperature region where they can deposit due
to condensation and a solid film is formed on the sidewall of the growth chamber and/or on top of
substrate.
The evaporation and deposition of material in OVPD depends on the operating parameters as
explained previously (section 2.3.1). The deposition rate is usually limited either by mass-transport
(i.e., deposition rate is determined by the relative rates of the convective and di usive transport of
material from the source) or by a surface-kinetics equilibrium (i.e., adsorption/desorption equilibrium
between the gas phase and the substrate). Thus, the growth parameters such as the values of source
temperature (T source) and substrate temperature T sub, the temperature profile along the chamber
wall, the deposition pressure (Pdep), carrier gas flow rate (V˙ ), and deposition time (tdep) all play
important roles during film growth and influence the final film properties.
Although there is volumes of related studies reported in literature of the dependence of the prop-
erties of CuPc films grown using OVPD technique, no detailed and systematic studies of film growth
and device fabrication as function of growth parameters is investigated [17, 55, 121, 133]. CuPc films
are grown by gradient sublimation and deposition of CuPc molecules on multiple substrates, simul-
taneously. Thus, the continuous change in deposition conditions during a single deposition run. The
significant implication of this study is the understanding of the film growth and film properties as
function of di erent growth conditions.
For convenience, we classify the studied films into three series: i) samples with di erent substrate
temperatures, T sub, but at fixed chamber pressure (6 mbar) and deposition time (100 minutes); ii)
samples with di erent deposition time, tdep, but at fixed T sub and chamber pressure and iii) films
with di erent chamber pressure, Pchamber, while keeping deposition time and substrate temperatures
constant. The carrier gas flow rate, V˙ , is always kept constant at 350 sccm (standard cubic centimetre
per minute). The three set of films are presented in Sections 3.1, 3.2 and 3.3, respectively. Finally, we
summarise the main findings of this study in section 3.4.
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Experimental
The deposition chamber of the OVPD setup is divided into three zones. The zone1, zone2 and zone3
are referred to as source evaporation, normalisation and deposition zone, respectively, as shown in
Figure 3.1(a).
(b)
Source
Material
Tsub = ~350 oC
Tsub = ~200 oC
Tsub = ~80 oC
Zone 3
Three zone Furnace(a)
Carrier 
Gas
Rotary 
Pump
Zone 2Zone 1
Figure 3.1: OVPD growth chamber (a) Schematic diagram showing the deposition chamber of the
OVPD system, source material is loaded into a small tube with porous sintered disc and placed inside
the inner quartz tube where the source temperature is at maximum. Substrates are placed down stream
from source where the temperatures are su ciently low for material to condense (b) Temperature profile
and the three regions where the film deposition are investigated at di erent T sub, corresponding to
di erent source-to-substrate distances.
A heating sequence (described in section 2.6.1) is used to obtain a temperature gradient profile in all
three zones [shown in Figure 2.8 and 3.1(b)]. Where the temperature of zone1 is set to higher than the
sublimation temperature of the CuPc material so that CuPc molecules are transported down stream to
other zones, as soon as they evaporate within the source boat. The zone2 is maintained at su ciently
lower temperature than zone1 and higher than zone3 to form a stabilised flow and temperature pattern.
Between zone2 and zone3, a thermal insulator is used to cause rapid temperature decrease so that
the arriving CuPc molecules can condense onto the chamber walls and on any substrate(s) placed in
the path of the flow and form film. By adjusting the relative position of the substrates with respect
to the source boat as shown in Figure 3.1, the T source and T sub can be controlled. Detailed study
of the e ect of source and substrate temperature ramping conditions during film deposition on film
properties is postponed to Chapter 4.
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For this study, a set of growth conditions is used as "standard conditions". Where the total tdep
is 100 minutes; Pdep is kept at 6.0 mbar, N2 flow rate V˙ of 350 sccm and substrate temperatures
T sub are always in the regions of 80 ¶C, 195 ¶C and 350 ¶C, respectively. The substrate temperatures
corresponds to di erent source-to-substrate distances along the length of the furnace tube, for example,
80 ¶C = 75 cm, ≥195 ¶C = 55 cm and ≥350 ¶C = to 45 cm respectively, Figure 3.1. Previously, with
these conditions we have been able to produce needle shaped crystals (—-CuPc), uniform –-CuPc films
and branches of nanowires ÷-CuPc in di erent temperatures regions in the OVPD deposition chamber
[48].
Using the standard conditions as our starting point, we classify the study into three series: i)
samples with di erent substrate temperatures, T sub, but at fixed chamber pressure (6.0 mbar) and
deposition time (100 minutes); ii) samples with di erent deposition time, tdep, but at fixed T sub and
chamber pressure and iii) films with di erent chamber pressure, Pdep, while keeping deposition time
and substrate temperatures constant. The carrier gas flow rate V˙ , is always kept constant at 350 sccm.
The three of films are presented in Sections 3.1, 3.2 and 3.3, respectively. We compare the morpho-
logical, structural and optical properties of the CuPc films, relating them to the growth conditions,
and in particular to the balance between film thickness, morphology and crystalline structure in each
case. Finally, we summarise the main findings of this study in section 3.4.
3.1 Influence of substrate temperature, T sub
First, we investigate the e ect of substrate temperature on the properties of OVPD grown CuPc
films. The e ect of substrate temperature on the variation in morphology and crystalline structures
of deposited CuPc films has been previously observed [18, 57, 81, 133–135], demonstrating that the
film growth modes greatly depend on the thermodynamic conditions of substrate surface and the en-
ergy and di usion properties of ad molecules, which changes with change in substrate temperature.
Furthermore, depending on substrate temperature, di erent polymorphs of phthalocyanines can be
obtained, and for CuPc an –-phase (metastable) is obtained in thin films when grown on substrate
below temperature of 210 ¶C whereas a more stable —-phase is attained for films deposited at sub-
strate temperatures above 210 ¶C [47]. The –-form generally exhibits grain morphology with very
rough surfaces, whereas a dense morphology exhibiting needle-like topographies has been observed
for the —-form CuPc. For the metal-free phthalocyanine, as Bayliss et al. have shown, the transition
temperature between – and — -phase is around 330 ¶C. [74] It has been observed that the molecular
order and large crystalline grain size can result in improved charge carrier transport in molecular
organic semiconductors, and enhance performances in molecular opto-electronic devices [18, 81, 136].
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3.1.1 Morphology
Figure 3.2 shows the evolution of surface morphology of copper phthalocyanine (CuPc) films grown
on glass substrate as a function of temperature T sub during deposition. At low substrate temperature
(T sub ≥= 80 ¶C) a polycrystalline film consisting of fine grain morphology can be observed as shown in
Figure 3.2(a), where the average grain size is approximately 20 ± 5 nm. Some of these grains coalesce
into larger structures (40 - 50 nm) and form aggregates protruding from the surface. When the
substrate temperature is increased to nearly ≥200 ¶C, the film morphology noticeably changes [Figure
3.2(b)]. Here, a dense packing of CuPc crystallites with some grains extending out of the surface can
be observed. The morphology consists of more faceted and laterally larger crystallites compared to
the fine grain morphology observed at lower substrate temperature. The average size of the grains is
measured to range between 90 and 120 nm. For further increase in substrate temperature (T sub ≥= 350
¶C), both crystallite size and shape transform dramatically. The film morphology consists of much
longer, flatter crystallites growing parallel to the substrate surface. The average size of structures
exceeds 1.0 µm in length and nearly 100 nm in diameter. Straight and twisted fibres extruding normal
to the surface in a slanted fashion are also observed towards the edge of the glass substrate facing
the flow of carrier gas as shown in Figure 3.2(d) - such structures are characteristic of the edge of the
sample, but can also be found in small numbers throughout its surface, although the majority of the
sample surface is as in Figure 3.2(c).
Similar morphologies have been observed previously, although in di erent experimental setup with
di erent temperature and pressure ranges. For example Yang et al. reported growth of –-CuPc films
on ITO substrate by OVPD [81]. Where the temperatures of both source and substrate are (446 ± 5)
¶C and (74 ± 5) ¶C, respectively. The nitrogen carrier gas flow rate was 100 sccm and the chamber
pressure was 0.613 mbar that is almost 10 times lower when compared to our deposition pressure (6.0
mbar). Rusu et al. also reported similar morphology for CuPc film compared to that shown in Figure
3.2(b) with substrate temperature and chamber pressure of around 130 ¶C and 1.0 mbar, respectively
[121].
As shown in Figure 3.2, the substrate temperature plays a very important role and strongly a ects
the film growth and morphology. Although we isolate the e ect of ramping temperatures on the
source and substrates (discussed later in detailed in 4), the variations in the CuPc morphologies
can be explained through the influence of final growth parameters in the chamber; the source and
substrates temperatures in particular. The source temperature determines the rate of evaporation
of organic material, hence the deposition rate. Whereas the substrate temperature determines the
interplay thermodynamics and kinetics of arriving material and the surface.
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Figure 3.2: SEM micrographs of CuPc films deposited on Glass at di erent T sub using OVPD. The
nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0 mbar. The growth time
is 100 minutes. The source evaporation temperature is 480¶C and the substrate temperature is (a)≥=
80¶C, (b)≥= 195¶C, (c)≥= 350¶C, (d) edge e ect of the glass substrate facing the flow of carrier gas at
substrate temperature of 350¶C.
The basis of the growth mechanism, which defines morphology of the deposited structures, is the
interactions between molecule-molecule against molecule-substrate [134]. It is well known that ph-
thalocyanines present robust intermolecular interactions while sticking with non-interacting substrate
such as glass could be relatively weak. At low substrate temperature, the mobility of the admolecule
is small so that elevated clusters of interconnected grains are formed because of random probability
governing the point of attachment of an admolecule on the substrate surface. Since the surface dif-
fusion is more favourable at high substrate temperature, the arriving molecules with high mobilities
randomly di use and collide, sticking with one another more than sticking to the substrate surface
which lead to formation larger and scarcer nuclei growth. However, due to the high tendency of the
self-ordering of phthalocyanine molecules, molecules di using to the nuclei will prefer sticking along
the b-axis which could be one of the main reasons for the anisotropy in film morphology depending
on the film deposition temperature.
Also, at high substrate temperature the molecules are energetically favourable to non-wetting on
the substrate surface. Afterwards, more arriving molecules are deposited onto the surface and the
nuclei coalesce to each other. Once the nuclei are connected by coalescence, the equilibration of
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the molecular concentration takes place, which can then lead to formation of uniform film surface
[Figure 3.2(b)]. The morphology in Figure 3.2(b) may be attributed to kinetic equilibrium between
the substrate and the flux at which molecules arrive at the substrate. On the other hand the grain size
increases with increase in T sub, at the expense of their number density. Upon further increasing the
substrate temperature, it is more favourable for the CuPc molecules to be decoupled from the surface
and form mesoscopic whiskers extruding from the film surface [Figure 3.2(c)].
Thicker films with larger crystallites are deposited at higher substrate temperature due to the
relative decrease in the source-to-substrate distance and increasing deposition rate [Figure 3.5(a)]. For
all substrate temperatures used to study CuPc growth behaviour, we believe that the CuPc molecules
have a sticking coe cient close to unity at lower T sub - meaning all molecules impinging upon the
glass substrate surface, stick to that surface. For su ciently high T sub, the sticking coe cient may
be very low but all the arriving CuPc molecules can be accommodated on the substrate surface.
3.1.2 Spectroscopic and Structural characterisation
The striking di erences in morphology also have strong influence on the optical absorption properties
of deposited CuPc films as shown Figure 3.3(a). Figure 3.3(b) shows the normalised UV-Vis absorption
spectra of OVPD grown films compared to that of thin films of commonly known –-CuPc and —-CuPc
phases. The –-CuPc film (400 nm) was grown on a glass substrate at room temperature in high
vacuum using the OMBD technique, whereas the —-CuPc (100 nm) sample was attained by way of
post-deposition annealing (330 ¶C) process 1.
The electronic absorption spectra of –-CuPc and —-CuPc films are di erent to those of the CuPc
films grown at various T sub using OVPD, especially at higher T sub [Figure 3.3(b)]. The observed
spectra show the characteristic Q-band in the visible region, due to ﬁ - ﬁú transitions, which is further
split by intermolecular interactions (termed Davydov splitting [62]). The UV-Vis features are therefore
dependent on crystal structure and have previously been used to distinguish between polymorphs [58].
The –-phase of CuPc thin films shows two absorption maxima located at around wavelengths of ≥620
and ≥695 nm while the —-phase shows two maxima located at 645 and 720 nm. These results are in
good agreement with previously reported spectra for – and —-phase CuPc [65, 137]. For both of these
phases, the two maxima are separated by ≥0.2 eV, for –-phase the intensity of the higher wavelength
maxima is lower compared to that of the lower wavelength peak, whereas for the —-phase this behaviour
is reverse and the wavelengths maxima are shifted to higher wavelength, showing decrease in the band
1Provided by Dr Sandrine Heutz, Imperial College London
Chapter 3. CuPc Thin Films grown by OVPD 72
a) b)
A
bs
or
pt
io
n.
 I
nt
en
si
ty
0
0.5
1.0
1.5
2.0
2.5
Wavelength (nm)
500 600 700 800 900
80 °C
195 °C
350 °C
α- CuPc (400nm)
580
695
720625
740645
N
or
m
al
is
ed
 I
nt
en
ai
ty
 (
a.
u.
)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
Wavelength (nm)
500 600 700 800 900
80 °C
195 °C
350 °C
α- 400nm
β- CuPc [Heutz, 2003]
Figure 3.3: UV-Vis absorption spectra of CuPc films grown at di erent substrate temperatures. (a)
Comparing the intensities of absorption of OVPD grown films with a –-CuPc film grown in OMBD,
with known thickness of 400 nm and (b) Normalised intensities comparing peak positions of CuPc films
grown at di erent substrate temperature against –-CuPc and 100 nm annealed —-CuPc film.
gap energy. The di erences in energy gap for the two polymorphs are attributed to the di erences in
the crystal structure, intermolecular interactions and morphology of these films [137].
3.1.2.1 Mixing of – and — CuPc polymorphs
From the results obtained in Figure 3.3, it is concluded that the CuPc film deposited at 85 ¶C is
purely –-phase CuPc. However, the absorption behaviour of films deposited at higher substrate
temperatures (T sub = ≥195 ¶C and 350 ¶C) cannot simply be ascribed to either phases of CuPc.
Thus, by simple peak fitting and using linear combination of – and— spectra. The experimental
spectra of the film deposited at 195¶C is consistent when overlaid with calculated spectra of 0.8 –
and 0.2 —, by concentration composition, results are shown in Figure 3.4(a). On the other hand, the
experimental spectra of film deposited at 350 ¶C cannot simply be simulated by a linear or non-linear
combination of –, — and ÷-CuPc phases, as shown in Figure 3.4(b). Thus, these films are presumed to
adopt a mixture of phases in discrete concentration. The properties of the ÷-CuPc will be discussed
later in Chapter 5.
3.1.2.2 Film thickness calibration
The di erences in absorption intensities in Figure 3.3(a) are related to the di erences in film thick-
nesses, and were therefore used to estimate the thicknesses of CuPc films. The absolute area of the
absorption spectra in the Q-band were used to estimate the film thickness L, and deposition rate,
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that linear combination of the normalised, –, — and ÷-phase spectra, contribution of each is given.
Rdep, of the OVPD deposited films using the Beer-Lambert’s law (section 2.9.2 and Figure 2.8). We
integrate the absorption intensity of all the films between 500 nm and 1100 nm, and compare with
the intensity of an OMBD film of known thickness. OMBD grown CuPc films are used as reference
samples that have been calibrated using atomic force microscopy and cross-sectional SEM. It should
be noted that the OMBD grown films are significantly dense and smooth in comparison [see Chapter
6]. Due to the di erence in the shape and hence polymorph of the films at di erent positions, this
is only an approximation. The results are summarised in Figure 3.5. The Figure 3.5(a) shows an
exponential decay in film thickness L, and deposition rate Rdep, as a function of source-to-substrate
distance d, which corresponds to the di erent substrate temperatures used during growth. Figure
3.5(b) shows measured film thickness and cross-section view of CuPc film shown in Figure 3.2(c). The
evolution of film morphology, film thickness and deposition rates as function of substrate temperature
and source-to-substrate distance are discussed in detailed in section 4.1.
3.1.2.3 Structural analysis
To confirm the crystal phase of CuPc films prepared at di erent substrate temperatures we turn to X-
ray di raction (XRD). Figure 3.6 shows ◊ - 2◊ scans of the three di erent CuPc films shown in Figure
3.2. The experimental scans are vertically shifted relative to each other for presentation purposes.
For lower substrate samples a di raction peak is observed at about 2◊ = ≥6.83¶. Which corresponds
to di raction from (100) planes of –-phase CuPc [45]. Since this is the only peak observed suggest
that the film is preferentially oriented with the (100) planes parallel to the glass substrate. For the
films deposited with increasing substrate temperature XRD shows sharpening and an increase in the
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Figure 3.5: Cross-section SEM image of CuPc film and estimated film thicknesses from corresponding
UV-Vis spectra. (a) CuPc films thickness as function of source-to-substrate distance d, at flow rate
of 350 sccm, growth time 100 mins, final source temperature 480 ¶C. (b) SEM cross-section image of
CuPc deposited on glass substrate at 350 ¶C and. Both, the estimated thickness and cross-section
SEM image of Figure 3.2(c) present comparable results. Moving the substrate away from the source
results in thinner films being formed due exponential dependence of deposition rate on distance from
source.
reflection intensity of the peak at 6.83¶, as shown in Figure 3.6. This implies better ordering and
enhanced crystallinity with increase in substrate temperature. The results are consistent with film
morphology observed in Figure 3.2. For the high substrate films, the shape of the peak clearly indicates
mixing of more than one peak, including the 2◊ = 6.85¶. The appearance of these additional peaks in
the XRD measurements is possibly due to loss of texture in the films. However, based on the analysis
of the electronic absorption behaviour, it is presumed that the films deposited at higher substrate
temperatures (195 ¶C and 350 ¶C) are possibly a mix of di erent phases of CuPc but dominated by
the –-phase. This is not surprising, since it is well reported in literature that the film crystallinity
and crystal structure of MPcs is highly dependent on the substrate temperatures, during deposition
or post deposition annealing process [53, 56].
The observed peaks in each XRD pattern were fitted using Lorentzian fitting function in Igor
Pro© data analysis software, with results as shown in Figure 3.7. The individual peak positions were
determined and are given in Table 3.1. For lower substrate temperature sample the shape of the
pattern clearly show a broad single peak centred at 2◊ = 6.83¶ (d = 12.93 Å), which results from
di raction from the (100) lattice plane of –-phase CuPc. This is in agreement with our spectroscopic
characterisation of the film. When the substrate temperature was elevated to nearly 195 ¶C, the
intensity of the reflection at 6.83¶ exhibits a growth and sharpening as shown in Figure 3.7(a), which
indicates increased crystallinity within the deposited films. The findings are consistent with SEM
showing more faceted and larger grains [Figure 3.2(b)]. The XRD scan exhibits a dominant di raction
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Figure 3.6: XRD patterns of CuPc films deposited on glass substrates at various substrate temper-
atures.
peak centred at 2◊ = 6.83¶ (d100 = 12.93 Å) and merging of three relatively low intensity shoulder
peaks at 2◊ = ≥7.06¶, 7.20¶ and 7.36¶, respectively. Jung et al. report similar XRD structural results
(2◊ = ≥6.8¶ and 7.3¶) for as grown –-phase rectangular shape nanorods [138].
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The 7.06¶ can be attributed to the —-CuPc structure namely the (001) reflection at 2◊ = 7.04¶.
The 7.36¶ (d = 12.51 Å), which was not observed previously in low substrate temperature samples,
corresponds to di raction from the (001) lattice planes in –-CuPc [45]. This appearance of new peak
corresponding to the same alpha (–) crystal phase is very likely due to the change in preferential or-
dering of Pc molecules in thick films [17, 139]. It can be related to the rectangular crystals morphology
(high contrast features in the SEM image in Figure 4.2(b)) extending out of the film plane. On the
other hand, the 7.20¶ peak at present cannot be associated with any of the known – or — polymorphs
of CuPc. The films grown at T sub = ≥195 ¶C therefore contain both –-CuPc and —-CuPc polymorphs.
The results are consistent with UV-Vis absorption in Figure 3.4. The XRD trace indicates presence of
both –-CuPc and —-CuPc arrangements of molecules with their molecular planes nearly perpendicular
to the substrate surface. The di erences between – and — phase are mainly attributed to the tilt angle
of the b-axis of the unit cell, where the tilt angle is smaller for the –-form (24.9¶) compared to that of
—-CuPc (45.9¶). The smaller tilt angle implies better ﬁ - ﬁú overlapping (section 1.3.1), and has been
in vogued to rationalise why –-CuPc may have higher charge conductance [30] With further increase
in T sub (≥350 ¶C), there is no change in positions of the main di raction peaks. However, the relative
peak intensities of the shoulder peaks centred on 2◊ = 7.06¶, 7.20¶ and 7.39¶ increases to 34, 22 and
14% respectively, thus suggesting a larger ratio (34%) of —-CuPc being present as shown in Table 3.1.
The peaks were fitted with Lorentzian function to estimate the FWHM, which was used to calculate
the grain sizes [listed in Table 3.1] applying Scherrer equation [Equation 2.15]. In the FWHM analysis
of the XRD results, the instrumental line width of 0.08¶ (2◊) was subtracted from the experimental
FWHM. However, in practice measuring the ’absolute’ grain size using XRD can be di cult due to
the presence of imperfections of sub-grain boundaries, lattice strain and dislocation density, which are
likely to contribute towards the broadening of the XRD peaks [140].
The Scherrer grain analysis of the 85 ¶C film yields an average size of 20 ± 4 nm. Thus, the results
are consistent with the obtained SEM morphology [shown in Figure 4.2 (a)]. The FWHM of the intense
–-(100) peak at 2◊ = 6.83¶ shows a decrease with increasing T sub (195 ¶C). Such a decrease suggests
decrease in internal micro strain within the films and an increase in grain size, which seem consistent
with morphology [Figure 3.2(b)]. Contrastingly, for T sub of 350 ¶C the FWHM of the intense – (100)
peak is slightly increased and does not follow the trend with increasing T sub. This decrease of grain
size along the (100) plane can be correlated to the thickness of the lengthened rectangular shaped
nanorods parallel to the surface [Figure 3.2(c)]. Furthermore, the FWHM of the –-(001) peak at 2◊
= 7.39¶ is about 0.1¶ (2◊), which is close to the experimental line width (0.08¶) and suggests that the
grain size is larger than 200 nm. Overall, the trends of increasing grain size with increasing substrate
temperature are valid.
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3.2 Influence of deposition time, tdep
3.2.1 Morphology
Figure 3.8 shows the surface morphology of CuPc OVPD films. Growth time is varied between 60 and
120 minutes (vertical-axis in Figure 3.8) and deposited films are characterised. Small grain, flat islands
and large crystalline structures are observed in the SEM images. With increasing deposition time, the
density of grains increases and film thickness increases. For the di erent deposition times, the e ect of
T sub on the film morphology is the almost the same [Figure 3.8(across rows). The grain size increases
with increase in substrate temperature, this is due to increase in surface di usion coe cient, as shown
previously in section 3.1.
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Figure 3.8: Deposition time dependent CuPc film morphology, showing the scanning electron mi-
croscope (SEM) images of CuPc films grown under chamber pressure of 6.0 mbar on glass, substrate
temperatures of (a, d & g) 80¶C, (b, e & h) 195¶C and (c, f & i) 350 ¶C, respectively. The gas flow
rate is constant at 350 sccm. The deposition time is (a, b & c) 60 minutes, (d, e & f) 100minutes, (g,
h & i) and 120 minutes.
3.2.2 Spectroscopy and Structure
The films shown in Figure 3.8 are characterised by UV-Vis spectroscopy and X-ray di raction and
are shown in Figure 3.9 and Figure 3.10, respectively. The main features in the UV-Vis absorption
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spectrum and XRD scans described in section 3.1 are retained. The influence of deposition time tdep
was observed in the intensities of the UV-Vis spectra, film thickness increases with increase in total
deposition time Figure 3.11. A shift in the absorption peaks and broadening of the Q-band is observed
when the substrate temperature was increases and source-to-substrate distance decreased. At T sub of
85 ¶C the UV-Vis of films deposited at di erent deposition times are in great agreement with –-CuPc
film. However, the absorption spectra of the high T sub (195 - 350 ¶C) are significantly di erent, this is
most probably due to presence of mixture of phases, as discussed in section 3.1. The fact that the grain
sizes are increased with increasing T sub (195 ¶C) and films become densely packed and thicker with in-
creasing tdep [Figure 3.8(b, e and h)], is possibly the reason for the small shift observed in Figure 3.9(b).
A
bs
or
pt
io
n 
(a
.u
.)
0
0.1
0.2
0.3
0.4
0.5
0.6
Wavelength (nm)
450 500 600 700 800 900 950
α- CuPc RT
120 mins, 195°C
100 mins, 195°C
60 mins, 195°C
A
bs
or
pt
io
n 
(a
.u
.)
0
0.1
0.2
0.3
0.4
0.5
Wavelength (nm)
450 500 600 700 800 900 950
α- CuPc RT
120 mins, 80°C
100 mins, 80°C
60 mins, 80°C
A
bs
or
pt
io
n 
(a
.u
.)
0
1.0
2.0
2.5
Wavelength (nm)
450 500 600 700 800 900 950
α- CuPc RT
120 mins, 350°C
100 mins, 350°C
60 mins, 350°C
a) b)
c)
Figure 3.9: Deposition time dependent CuPc film optical spectroscopy characterisation. Figure
showing the UV-Vis absorption of CuPc films grown on glass under chamber pressure of 6.0 mbar, gas
flow rate of 350 sccm, di erent substrate temperatures (85, 195 and 350 ¶C) and di erent deposition
times (60, 100 and 120 minutes) (a) 85 ¶C, (b) 195¶C and (c) 350¶C.
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3.2.3 Film thickness and deposition rate analysis
The estimated film thicknesses for the di erent substrate temperatures as function of deposition time
and source-to-substrate distance, are shown in Figure 3.10(a) and (b), respectively. For a fixed T sub
and d, the film thickness increases almost linearly with increase in total deposition time tdep, as shown
in Figure 3.11(a). The extrapolation of the straight-line fit in Figure 3.10(a) to zero thickness gives
the value of threshold deposition time tth, at which the deposition of CuPc film begins, after running
the deposition sequence [explained in experimental section]. For example, the tth is nearly 20 minutes
(for the smoother films obtained at T sub of 85 ¶C and 195 ¶C). This is roughly the time required for
the OVPD to reach the sublimation temperature of CuPc (440 ¶C). For the high T sub samples this
tth is small than expected, this is because the high T sub are shorter distance away from the source (45
cm). As soon as the CuPc material sublimes and escape from the source the molecules will condense
immediately onto a region where it is thermodynamically possible. In addition, the degree of error on
estimated film thicknesses could be high, especially in the case of thicker films, which present porous
nature at high T sub [Figure 3.8(c, f & i)]. Furthermore, the slope of the fit in Figure 3.11(a) gives the
deposition rates by the relation:
rdep =
 L
 tdep
(3.1)
Where rdep is the deposition rate, L is the estimated film thickness in nm and tdep is the deposition
time (in mins), respectively. Detailed cross-section view SEM imaging study is needed to obtained
true thickness and precise deposition rate of the films. However, overall the trends are valid.2
For a fixed deposition time, the dependence of film thickness as function of source-to-substrate
distance ’d’ is also investigated; results are shown in Figure 3.9(b). Smaller d increases the film thick-
ness value because of its exponential dependence on source-to-substrate distance (i.e. film thickness
follows L = L0 + A.exp≠rd), where L0 (nm) is the minimum film thickness at infinite distance d, A
(nm) is film thickness constant that depends on the film growth conditions (including deposition time)
and r is relative rate constant. Calculated value of r = 0.15 ± 0.01 (cm≠1) is almost the same for all
the di erent times.
2 The e ect of deposition time on nucleation and film growth is shown in detailed in section 5.2.2 of this work. Where
no growth or little growth (depending on the substrate position) was observed in the first 20 minutes of deposition.
Chapter 3. CuPc Thin Films grown by OVPD 81
R2 = 0.9296
a = -19.1 b = 0.98
R2 = 0.9768
a = -8.13 b = 0.36
R2 = 0.999
a = - 45 b = 4.73
0
100
200
300
400
500
600Linear   t  = a + b  tdep
Tsub = 350 °C
Tsub = 195 °C
Tsub = 85 °C
350 195 85
 Substrate Temperature, Tsub ˚C
(a) (b)
tth
d = 45 cm
d = 55 cm
d = 75 cm
E
st
im
at
ed
  
lm
 t
hi
ck
ne
ss
, L
 (
nm
)
0
100
200
300
400
500
600
Growth time, tdep (mins)
0 20 40 60 80 100 120
Source-to-substrate distance, d (cm)
30 40 50 60 70 80 90
 
tdep = 120 mins
tdep = 100 mins
tdep = 60 mins
L = L0 + A.exp-rd
Figure 3.10: Influence of deposition time tdep, on CuPc film thickness. (a) Film thickness as function
of deposition time at three fixed substrate temperatures. (b) Estimated film thickness as function of
source-to-substrate distance and substrate temperature for fixed deposition time.
3.2.4 Structure
The XRD patterns of the film in Figure 3.8 are shown in Figure 3.11. For CuPc films deposited at
di erent deposition times and T sub of 85 ¶C, only the characteristic –-phase CuPc peak (100) at 2◊ =
6.85¶ is observed. For shorter deposition time (i.e., thinner film) a broad low intensity peak is observed
[Figure 3.11(a)].
The intensity of this peak increases slightly with increase in deposition time. This is indicative
for the low crystallinity and smaller grain composition of CuPc films. The peak observed for the 120
minutes growth is slightly broader compared to the 100 minutes, indicating the film is made up of
smaller grains. This is consistent with the morphology obtained in Figure 3.8(g). However, the shape
of the peak changes significantly when the substrate temperature and deposition time is increased.
Figure 3.11(b) illustrates sharpening of the main peak at 6.85¶. This is indicative of the improved
crystallinity. The film deposited at tdep of 60 minutes only shows the characteristics –-phase CuPc
(100) peak. Whereas broadening toward high 2◊ is observed in the thicker films. This is probably due
to loss of texture with increasing film thickness and substrate temperature. Additional peaks have
been resolved at 2◊ = 7.05¶, 7.20¶ and 7.39¶ for increased deposition time (100 mins and 120 mins).
This is as shown previously in section 3.1 for the film deposited at T sub = 195¶C and 350 ¶C and tdep
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Figure 3.11: XRD scans of CuPc film deposited on glass substrate at di erent substrate temperatures
and varying deposition time 60 , 100 and 120 minutes (a) 85 ¶C (b) 195 ¶C and (c) 350 ¶C.
= 100 minutes. The increase in the intensity of the shoulder peaks shown in Figure 3.11(c), suggests
larger contribution of —-phase CuPc is present for the film deposited at tdep = 120 mins.
3.3 Influence of deposition pressure, Pdep
The variation in the morphology and crystallinity of organic materials deposited, using OVPD tech-
nique, at di erent substrate temperature and chamber pressures has been previously reported [18, 81,
141, 142], showing the film growth modes strongly depend on deposition parameters. As mentioned in
section 3.1, due to the high carrier gas flow rate used in this study, the film deposition rate is limited
by the di usion of the molecules to the substrate. The deposition rate, rdep of the film depends on
the concentration, C org of the organic material in the chamber, di usivity Dorg of the gas phase and
the boundary layer thickness ” across the substrate by relation [118]:
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rdep = Dorg
Corg
”
(3.2)
The di usivity of gas phase varies inversely with the total pressure inside the deposition cham-
ber, while the boundary layer thickness inversely with square root of the carrier gas flow rate. The
concentration of organic is, in turn controlled via exponential dependence of the evaporation rate in
the source cell. Thus, keeping the source temperature and carrier gas flow rate constant, reasonably
higher deposition rates rdep can be obtained by decreasing the chamber pressure during deposition.
Also, the molecular mean free path (⁄) varies inversely with the total pressure, Equation 2.3. At any
given temperature the ⁄ of gas molecules increases with decrease in pressures, e.g., in OVPD at 25 ¶C
and Pdep = 5 - 10 mbar, the ⁄ of nitrogen gas molecules (diameter = 3.25 Å) almost halves from ≥1.47
- 0.74 µm. Variation in ⁄ as a function of total pressure and temperature in the chamber is given in
Figure 2.9. Hence, at high pressures the number of intermolecular collisions will increase, forcing the
molecules to agglomerate and lead to morphological instability in the film.
Figure 3.12 show the surface morphology of CuPc films deposited on top of glass substrate by
OVPD. The deposition time is 100 minutes. The substrate temperatures are fixed at 85 ¶C, 195 ¶C
and 350 ¶C. Source temperature (480 ¶C) and carrier gas flow rate (350 sccm) are also fixed, as in
previous sections. The chamber pressure is varied from 5.6 mbar to 8.0 mbar by a valve placed on the
two-stage rotary pump, to control the pressure independent of the N2 gas flow. The film thickness and
deposition rates are calculated using ex-situ measurement of comparing UV-Vis absorption in Q-band
of film with know thickness.
3.3.1 Deposition rate and Morphology
By keeping all the parameters constant and only changing the deposition pressure, a drastic change
in film surface morphology, film thickness and deposition rate is observed as shown in Figure 3.12
and 3.13. The deposition rate increases with decrease in the deposition pressures, except for the 7.0
mbar deposition. In order to draw a clear picture of the influence of the deposition pressure on film
thickness and deposition rates, statistical analysis on many films grown under di erent deposition
pressures is carried out. The data is presented inset in Figure 3.12. Overall, an increasing trend in
the estimated film thicknesses (i.e., increasing deposition rate) as function of decreasing deposition
pressures is observed. However, inconsistency in results is higher for films deposited at shorter distance
from the source (45 cm). This is very likely due error in film thickness estimation. For these films the
thicknesses were estimated based on findings in section 3.1. Where the light absorption behaviour of a
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relatively uniform and dense film (Figure 3.5) is compared to films with high protrusions, for example
the films shown in Figure 3.12(f and i).
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Figure 3.12: Chamber pressure dependent CuPc film morphology, showing the scanning electron
microscope (SEM) images of CuPc films grown for 100 min. on glass, with source and substrate
temperatures of (480 ± 5) ¶C and (350, 195 and 85) ¶C, respectively. The gas flow rate is constant at
350 sccm. The chamber pressure is (a, b & c) (5.6 ± 0.05) mbar, (d, e & f) (7.0 ± 0.05) mbar, (g, h
& i) (8.0 ± 0.05) mbar. The 6.0 mbar study is presented in section 3.1 and 3.2 of this chapter.
Despite the discrepancies in estimated film thicknesses and deposition rates, the morphology is
more consistent with variation in deposition conditions. At low pressure (5.6 mbar), dense uniform
films are observed [Figure 3.12(a-c)]. This is due to an increase in the deposition rate and e ective
surface di usion, the structure size increases at high T sub [Figure 3.12(c)] and film appears rougher.
Similarly, when the chamber pressure is increased, the films become rougher and the structures size
enlarges with decreasing source to substrate distance. As mentioned above, the mean free path of the
molecules varies inversely with chamber pressure, resulting in increased random collisions between the
molecules in gas phase. Thus lead to formation larger and scarcer nuclei growth at higher deposition
pressures, as shown in Figure 3.12(g-i).
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Figure 3.13: Film deposition rate, as function of chamber pressure and source to substrate distance.
Inset show estimated film thickness of many films deposited at di erent deposition chamber and three
di erent substrate temperatures. For the substrate temperature of 85 and 195 ¶C an increasing film
thickness and deposition rate with decrease in chamber is observed. On the other hand for film
deposited at high T sub and especially at deposition pressure of 7.0 mbar, no obvious correlation between
the deposition pressure and film thickness can be observed. Use of microscopic technique and careful
control of film deposition parameters will be required to obtained more accurate film thicknesses.
3.3.2 Structural and Spectroscopic characterisation
The XRD results of all films exhibiting very di erent morphologies are shown in Figure 3.14(d-f).
Again, the XRD results reflect the trends observed in previous sections. Except for the film grown at
low pressure and higher T sub, where the results demonstrate growth of —-CuPc mainly. The electronic
absorption spectra of CuPc thin films deposited on glass using OVPD are shown in Figure 3.12. The
electronic absorption spectra of all these samples show the characteristic Q-band in visible region.
Where the absorption spectra of films deposited at low T sub exhibit one maximum peak at 620 nm
with shoulder at ≥585 nm and second maximum peak located at 695 nm for all di erent chamber
pressures. The absorption spectra of CuPc films deposited at di erent pressures reveal that the
absorption intensities of CuPc films grown increases with decrease in chamber pressures as shown in
Figure 3.12. The variation in film thicknesses as function of pressure was confirmed by CuPc samples
deposited at shorter distance away from the source. The source to substrate distances were 55 & 45
cm, corresponding to substrate temperatures of ≥195 ¶C and 350 ¶C respectively.
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Figure 3.14: Chamber pressure dependent CuPc film optical and structural characterisation, showing
the UV-Vis absorption and X-ray di raction characterisation of CuPc films grown for 100 minutes under
chamber pressures of 5.6, 7.0 and 8.0 mbar. on glass, with source and substrate temperatures of (480
± 5) ¶C and (350, 195 and 85) ¶C, respectively. (a, b & c) Show the UV-Vis absorption of CuPc film
deposited at di erent temperatures and (d, e & f) compares the peak (2◊ = 5¶ - 15¶, since it did not
have any peak beyond 15¶) region where the background signal of the bare glass is subtracted from
the XRD patterns of the CuPc films and are overlaid with reported peak positions for –-CuPc [45]
and—-CuPc 36 crystal structures. The substrate temperature is (a & d) 85 ¶C, (b & e) 195 ¶C, (c &
f) 350 ¶C. The UV-Vis spectra contain an OMBD grown CuPc film of 100 nm in thickness on glass
substrate at room temperature for intensities comparison. The XRD scans are normalised and shifted
vertically for presentation purposes.
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3.4 Summary
In summary, the growth of copper phthalocyanine (CuPc) thin films, on glass substrates, have been
investigated using organic vapour phase deposition (OVPD) technique. Films were fabricated under
di erent growth conditions, and parameters were optimised. For example, substrate temperature,
source-to-substrate distance, chamber pressure and growth time. The morphology, crystallinity, struc-
tural properties and film thicknesses were well-controlled by tuning the film growth parameters. The
results were consistent with a proposed growth mechanism and this could be the subject of further
study.
Substrate temperature: Substrate temperature plays very important role in determining the
surface morphology, grain size, nuclei growth rate via surface di usion of arriving molecules, nucleation
and adsorption rate and texture of the deposited film. The surface morphology of CuPc on glass
shows a remarkable change of morphology from small grains to nano-rods like features with increasing
substrate temperature. At low substrate temperature (85 ¶C) the CuPc film generally contain small
grain morphology and adopts the –-phase crystallographic structure with (100) orientation. Increasing
substrate temperature influences the texture and films containing a possible mix of – (100) and —-
phase (001) CuPc have been observed for substrate temperature of 195 ¶C. At even higher T sub the
UV-Vis absorption spectra is more complex in the Q-band indicating that film deposited at high T sub
may contain a mixture of phases.
Source-to-substrate distance: Film thickness and deposition rate increased exponentially with
decrease in the source-to-substrate distance by relation: L = L0 + A.exp≠rd Where L0 (nm) is the
minimum film thickness at infinite distance d, A (nm) is film thickness constant that depends on the
film growth conditions (including deposition time) and r is relative rate constant. Calculated value of
r = 0.15 ± 0.02 (cm≠1) is almost the same for all the di erent times.
Deposition time: With increasing deposition time and fixed position the film thickness increases
linearly. CuPc molecules continue to grow in an upright orientation. An evolution of surface morphol-
ogy with increasing deposition shows that at low substrate temperature, arriving molecules prefer to
stick at the position nearby their arrival area due to the low surface di usion. The films become fully
wetting quickly when compared to the films deposited at high substrate temperatures.
Deposition Pressure: Deposition pressure influences the rate of evaporation and film deposition.
Thus the surface morphology, nucleation density and the lateral correlation length of CuPc film struc-
tures changes significantly with deposition pressure and substrate temperature. Having demonstrated
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control over all these parameters we can independently control the morphology and structure of the
CuPc films in OVPD.
Chapter 4
CuPc Thin Films grown by OVPD -
E ect of Substrate Type
In the present chapter we explore the properties of CuPc thin films deposited on the various substrates
used, i.e., indium-tin-oxide (ITO), silicon nitride (SiNx), gold (Au), and polymer substrate kapton.
The e ect of the nature of substrate and its temperature on the morphology, structure and optical ab-
sorption properties of CuPc films and nanostructures grown by OVPD are studied. The results shows
that the CuPc films deposited on weakly interacting substrates, i.e., ITO, SiNx and kapton are polycrys-
talline with molecular stacking axis parallel to the film plane and the CuPc molecules are oriented nearly
perpendicular to the substrate surface. In case of Au substrates, the arrangement of the deposited CuPc
molecules with respect to the substrate surface changes from "standing up" to "lying down" orientation
at elevated substrate temperature. The crystal structure is retained but the molecules lie almost parallel
to the substrate. The e ects of deposition conditions, i.e., substrate temperature, source-to-substrate
distances, and deposition times are also observed in the final film properties. The films are studied by
scanning electron microscopy, X-ray di raction and optical absorption spectroscopy. A growth model
is proposed at the end of chapter.
Phthalocyanines (Pcs) materials have drawn much interest due to their successful application in
opto-electronic devices. Thin films of Pcs have the potential to be manufactured at low cost and on
large-scale on various substrates, including flexible substrate that can easily be incorporated into range
of organic based devices [26]. Besides, Pcs crystals have highly anisotropic physical properties [30],
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which can be used to good advantage in textured thin films. It has been demonstrated that the crystal
structure, texture, ordering and orientation of such molecules is crucial for device e ciency [51, 143].
Together with the excellent film growth properties, chemical stability and electronic properties [35,
144], Pcs also posses advantageous magnetic properties which are attracting increasing interest [12].
This chapter looks at the properties of CuPc thin films growth using organic vapour phase depo-
sition (OVPD) and deposition on technically relevant substrates with varied substrate temperatures
during growth. Copper phthalocyanine (CuPc) is largely studied for di erent device applications
for example; in organic thin-film transistors (OTFTs), bulk heterojunction or multilayer photovoltaic
(OPV) and light emitting devices (OLEDs). In all these devices the CuPc is deposited on di erent
substrates; for instance in TFTs it is deposited on dielectrics (e.g., SiO2, SiNx) and metal electrodes
(e.g., Au , etc.). In order to optimise the performance of devices, it is paramount to understand the
growth process, nanostructure morphology, molecular orientation and crystal structure in thin films
on technologically relevant substrates.
In Sections 4.1, 4.2, 4.3 and 4.4 we discuss the morphology, structural and optical properties
of films of CuPc deposited on ITO, SiNx, Au and flexible Kapton substrates, respectively. In these
sections, we investigate the film growth behaviour as function substrate temperature, T sub and growth
time. The reasons for this and its consequences for our understanding of the behaviour of CuPc films
in devices are discussed. Finally, we summarise the main findings of this chapter in Section 4.6.
4.1 Films of CuPc on ITO
In this section we present the properties of CuPc films grown on indium-tin-oxide (ITO) coated glass
substrates, which are widely used for the preparation of organic photovoltaics (OPV) cells. Since the
introduction of the donor-acceptor heterojunctions [145], it has been shown that the power conversion
e ciency of OPV cells can be improved significantly through tailoring the morphology and interfaces
between the active layers [17, 121]. In here, through optimisation of growth conditions in OVPD,
we demonstrate that CuPc films with high interfacial areas can be obtained that will possibly result
in high power conversion e ciency if used in "bulk heterojunction" organic photovoltaic cells. In
addition, CuPc films containing mixed phases are also observed exhibiting a range of morphologies,
high crystallinity and enhanced UV-Vis absorption in low energy region. All of these properties
combined can prove to be very advantageous in obtaining high performance opto-electronic devices.
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Experimental
The ITO substrates were cut into 0.5 ◊ 1.0 cm rectangles and were cleaned before being loaded into the
OVPD chamber as explained in Section 2.7. The film thicknesses on ITO substrates were determined by
using UV-Vis absorption measurements and cross-sectional SEM. The substrate temperatures during
the deposition were measured by placing a thermocouple in position of each substrate under exactly
the same growth condition, without the source and substrates.1 CuPc films were deposited under a
pressure of 6.0 mbar, in flow rate of 350 sccm. Substrates were placed from 45 - 85 cm away from the
source, corresponding to di erent temperatures. The source temperature (T source) and the deposition
time (tdep) were kept at 480 ¶C and 100 minutes, respectively. These parameters correspond to the
"Standardised growth conditions" (3.1).
4.1.1 Morphology
Figure 4.1 shows example SEM images of CuPc films and nanostructures grown on ITO substrates,
using OVPD, at di erent substrate temperatures (T sub) during deposition. The T sub varies between
30 ¶C and 350 ¶C. It can be seen that the morphology is a ected by the substrate temperature and
the amount of source material arriving on the substrate surface. As was shown in Chapter 3. The film
thickness also increases as the T sub increases and the substrate is closer to the source.
At T sub = 30 ¶C (low temperature substrate being further away from the source) the CuPc film
conform to the underlying ITO surface and present a fine grain (≥ 30 ± 10 nm) morphology as shown
in Figure 4.1(b). SEM image of the bare ITO is shown in Figure 4.1(a). Increased substrate tem-
perature results in formation of larger grains, consisting of only spherical grains exceeding ≥60 nm
in diameter. The film surface appears uniform and covers the substrate surface as shown in Figure
4.1(c). When the substrate temperature is elevated up to 105 ¶C an increase in the film thickness and
aggregation of lengthen flat crystallites with random protrusions from the film surface are observed
(Figure 4.1(d)). The average diameter and length of the observed crystallites in range of ≥60 nm
and ≥200 nm, respectively. Increasing the T sub increase the dimensions of the nanostructures further
[Figure 4.1(e-f)]. This is due higher surface di usion of the arriving CuPc molecules on substrate
surface leading to coalescence of nuclei which then form larger elongated crystallites.
1For substrates handling in the chamber a 45 cm long piece of Kapton sheet was rolled up an inserted against the
inner wall of the inner tube. The substrate temperatures were calibrated and were measured as described in Section 2.6.
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Figure 4.1: SEM micrographs of CuPc films deposited on ITO at di erent T sub using OVPD. The
nitrogen carrier gas flow rate is 350 sccm, and the deposition pressure, Pdep is 6.0 mbar. The growth
time is 100 minutes. The source evaporation temperature is 480¶C and the substrate temperatures in
¶C (a) shows the surface of bare ITO at room temperature, (b) 30, (c) 85, (d)105, (e) 165, (f)195, (g)
240 and (h) 350. (b-2 to g-2) show cross-sectional SEM images of films (b-g)
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For the substrate temperature range of 165 - 195 ¶C the morphology of the nanostructures is
retained. However, an increasing variation in corresponding lengths and diameters is observed for the
high-temperature end. The diameters and length of the crystallites on the substrate surface range
≥100 - 150 nm and ≥300 - 400 nm, respectively. In additions to these elongated structures, twisted
and straight whiskers as long as 1 µm appear in the film deposited at T sub = 165 ¶C, while bends in the
crystals are starting to appear. In Figure 4.1(f) more dense packing of CuPc crystallites and whiskers
on ITO at T sub of 195 ¶C with di erent dimensions ranging from 100 nm to 150 nm in diameter and
≥400 nm to ≥2 µm in length have been found [Figure 4.1(f-2)].
For T sub of 240 ¶C, Figure 4.1(g), the ITO substrate is entirely covered by film made up of randomly
distributed elongated horizontal and protruding vertical straight and twisted nano-rods with di erent
length ranging between 1 to 3 µm. Figure 4.1(g-2) represents nanorods of length ranging from 2 to 6
µm at relatively higher magnification cross-section SEM image of the CuPc film. It is possible that
a continuous layer of CuPc might be lying underneath the nanostructured film as this has previously
been observed in other conditions. For example, Yang et al. report similar, layer-plus-island (Stranski
- Krastanov) film growth mode for CuPc films deposited by OVPD [81]. At maximum T sub of 350
¶C, twisted-rods and flake-like CuPc crystals possessing a random orientation to the substrate surface
were obtained as shown in Figure 4.1(h). Increasing the substrate temperature (i.e., decreasing the
source-to-substrate distance) results an increase in the film thickness and nano-structures sizes. Thus,
by adjusting the deposition parameters, nanostructured CuPc films can be achieved. Furthermore,
the crystallites dimensions as well as the distances between them can be controlled.
4.1.2 Spectroscopic and Structural characterisation
In order to investigate the crystal phases of the fabricated CuPc films on ITO in more detail, UV-Vis
absorption and X-ray di raction measurements were performed, with the results shown in Figures 4.2
and 4.4, respectively. Obvious di erences can be observed in the absorption spectra and XRD patterns
for di erent substrate temperatures. The results are consistent with previous findings (see Chapter 3),
where the crystalline structure of CuPc is dependent on the deposition temperatures during growth.
The electronic absorption spectra of the CuPc films deposited on ITO at varied T sub were mea-
sured at room temperature. Figure 4.2 shows the characteristic absorption Q-band in visible region,
representing the ﬁ - ﬁú transition, for the di erent films on ITO and reference films grown by OMBD.
The intensity and shape of the peaks are closely related to the film structure temperature and film
thickness as previously described. For the substrate temperature in range 85 - 165 ¶C, the observed
peaks are located at 625 nm (1.99 eV) and 693 nm (1.79 eV) and two shoulder peaks at 585 and
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Figure 4.2: UV-Vis absorption of CuPc films deposited on ITO at di erent T sub using OVPD. The
nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0 mbar. The growth time is
100 minutes. The source evaporation temperature is 480 ¶C and substrates temperature vary.
720 nm, respectively. However, as the substrate temperature increased above 195 ¶C, the absorption
intensity of the maximum peak at 693 nm and the shoulder peak at 720 nm starts to evolve and
becomes more prominent at substrate temperature of 240 ¶C. This red shift of the absorption maxi-
mum to 720 nm indicates possible phase transformation and thus indicates that the films deposited at
substrate temperature of 195 - 240 ¶C a mixture of both – and —-phase CuPc, dominated mostly by
the –-CuPc. As the substrate temperature increases up to 350 ¶C, the peak at 693 nm seen previously
vanishes and a second maximum peak appears at 643 nm (1.94 eV). The absorption intensity ratio
of the split high-energy band to low-energy band (720 nm, 1.727 eV) decreases with the increasing
temperature. The two shoulder peaks at 585 nm and 620 nm [Figure 4.2, 350¶C] may be attribute
to –-CuPc which is present in all films. The results are nearly identical to those shown previously, in
Chapter 3, for CuPc films on glass substrates. We conclude that there is the transformation tendency
from –-phase to —-phase as the ITO substrate temperature rises. The findings of X-ray di raction
presented hereafter further support this conclusion.
The di erences in absorption intensities in Figure 4.2(a) are related to the di erences in film
thicknesses, and were therefore used to estimate the film thickness, L and deposition rate, Rdep, of
the OVPD deposited films using both, the Beer-Lambert’s law (section 2.14) and cross-sectional SEM.
Film thickness follows L = L0 + A.exp≠rd, where L0 (nm) is the minimum film thickness at infinite
distance d, A (nm) is film thickness constant that depends on the film growth conditions (including
deposition time) and r is relative rate constant. Calculated value of r = 0.15 ± 0.02 (cm≠1) is almost
the same as that observed previously for CuPc films in Chapter 3. The results are summarised in Table
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4.1. The Figure 4.3 show progression of CuPc film thicknesses as function of substrate temperatures.
For a fixed growth time (100 minutes in this case), the film thicknesses increases with decrease in
source-to-substrate distance, d which corresponds to the di erent substrate temperatures used during
growth. Cross-section SEM images of CuPc films on ITO have also been obtained. As expected, by the
end of 100 minutes growth, the films vary in thicknesses and become thicker as the source-to-substrate
distance decreases. However, the film surface is very rough and porous which leads to di culty in
determining the actual film thickness. As can be seen in Figure 4.1(d2-g2), the morphology between
crystallites (lying down and vertical) can clearly be identified. As the film gets denser and thicker,
crystallites tend to lie down on the surface [Figure 4.1(f2)].
Table 4.1: CuPc film deposited on ITO substrate at varied substrate temperatures,T source, during
deposition. Moving the substrate away from the source decreases the film thickness and deposition
rate. The estimated high thicknesses are probably due to saturation. The deposition rates, Å /sec,
are estimated through dividing the final thickness of the film by the total growth time. ú Measured
thickness from flat region in cross-section SEM.
Substrate Source-to-substrate SEM Cross-section UV-Vis Estimated
temperature, Distance Minimum film Film thickness Rate, Rdep
T sub (cm) thickness (nm)ú (nm) (Å/s)
30¶C 85 22 ± 5 20 0.04
85¶C 75 35 ± 8 30 0.06
105¶C 70 44 ± 14 35 0.07
165¶C 60 170 ± 30 81 0.17
195¶C 55 see 140 0.29
240¶C 50 Figure 260 0.55
350¶C 45 4.1 550 1.15
The X-ray di raction patterns of the CuPc films are shown in Figure 4.4(b-h). The substrate
pattern in Figure 4.4(a) shows only one peak at 2◊ = 21.4¶, related to di raction from the (112)
planes of the ITO substrate. The pattern in Figure 4.4(b) of the film in Figure 4.1(b) shows a film
related peak at 2◊ = 6.85¶, a characteristic feature of the di raction from the (100) plane in –-CuPc
[45]. The intensity and the broadness of the pattern indicates that the film is polycrystalline. From
the FWHM a Scherrer diameter of ≥ 18 ± 2 nm is obtained [Table 4.2], which correlates with the
morphology shown in Figure 4.1(a) and suggests the grains are spherical. As the substrate temperature
increases the single broad peak at 2◊ = 6.85¶ evolves [Figure 4.4(b-e)] and the intensity and sharpness
of the CuPc (100) peak increases while its full width at half maximum (FWHM) becomes narrower,
as shown in Table 4.2. This suggests higher crystallinity in the CuPc films deposited at increased
substrate temperature. It can be concluded that by varying T sub up to 165 ¶C, a highly textured
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Figure 4.3: CuPc films thickness as function of source-to-substrate distance d. The solid line shows
exponential fit.
–-CuPc films could be obtained. A schematic diagram of the molecular orientation for the –-(100)
plane, proposed structure by Hoshino, is shown in Figure 4.5(a).
For substrate temperatures in the range of 195 - 240 ¶C, the XRD patterns in Figure 4.4(f & g)
shows appearance of additional peaks toward higher 2◊. A dominant di raction peak centred at 2◊
= 6.85¶ (d100 = 12.93 Å) and two relatively low intensity shoulder peaks at 2◊ = 7.06¶ and 7.36¶
are observed. The later corresponds to di raction from the (001) lattice planes in –-CuPc [45]. The
appearance of this peak corresponding to the same –-polymorph is very likely due to the change
in preferential ordering in the film deposited at increased substrate temperature. The 7.06¶ peak
corresponds to X-ray di raction from (001) plane of —-polymorph of CuPc. This apparent change
in XRD measurements for T sub in range 195 - 240 ¶C can be attributed to the contribution of the
—-polymorphs CuPc present in the – dominated CuPc film. The results are consistent with earlier
findings for deposition on glass in similar temperature range, in section 3.1 of this report.
For the CuPc films deposited at T sub of 350 ¶C, the XRD pattern transforms significantly [Figure
4.4(h)], revealing total of six di raction peaks at 2◊ = 7.06¶, 9.24¶, 10.62¶, 21.47¶, 23.85¶ and 26.32¶
respectively. These peaks correspond to X-ray di ractions from (001), (20-1), (200) (111), (31-2) and
(41-2) planes of the —-polymorph of CuPc. The peak from the (001) plane dominate the molecular
orientation in the — film, which implies that the film is textured with stacking axis "b" is parallel to the
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Figure 4.4: X-Ray di raction of CuPc films deposited on ITO with di erent T sub using OVPD. The
patterns show one peak at 2◊ = 21.4¶, related to di raction from the (112) planes of the ITO substrate.
The nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0 mbar. The growth
time is 100 minutes. The source evaporation temperature is 480¶ and di erent substrate temperatures,
(a)RT (bare substrate), (b) 30, (c) 85, (d) 105, (e) 165, (f) 195, (g) 240 and (h) 350 ¶C. The continuous
black line is obtained by fitting Lorentzian function.
substrate surface. This means that even on a relatively rough, polycrystalline substrate such as ITO,
CuPc forms well-ordered films in which the molecules "stand" on the substrate surface. The molecular
orientation with respect to the dominated —-(001) di racting plane is shown in Figure 4.5(b).
It is worth mentioning that the conductivity of Pc materials depend on the crystal structure and
for CuPc films made up of entirely –-polymorph (2 ◊ 10≠4 S m≠1) is significantly larger than that
of the —-polymorph films (2 ◊ 10≠6 S m≠1) [51], this is likely due to the overlapping in the ﬁ -
ﬁú stacking that is higher in the – phase compare to that in the — phase. Such high-conductivity
–-phase CuPc rod-like morphology, as shown in Figure 4.1 suitable for enhancing exciton transport
within opto-electronic devices. The e ect of morphology on the charge carrier transport in CuPc based
field-e ect-transistors (FETs) is discussed later in Chapter 7.
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α-CuPc
(100)
β-CuPc
(001)
82˚
(a)
(b)
Figure 4.5: Molecular orientation of di racting planes of CuPc with respect to (a) –-(100) and (b)
—-(001) according to the structures proposed by Hoshino [45] and Brown [46].
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Table 4.2: Structural analysis of CuPc films deposited on ITO coated glass substrate with di erent
substrate temperatures using OVPD. The table shows the angular positions, relative intensities and
indexation of X-ray di raction peaks of CuPc thin films deposited on ITO (211) for 100 minutes.
CuPc films Peak Pos. 2◊¶ Planes Relative FWHM Scherrer
T sub [± 0.02¶] (hkl)[45] Int. [%] B, [2◊¶] radius, t (nm)
30 ¶C 6.85 – (100) 100.0 0.51 18± 2
21.4 ITO(211) 440 0.24 37± 4
85 ¶C 6.8 – (100) 100.0 0.37 25± 2
21.4 ITO(211) 230 0.24 36 ± 3
105 ¶C 6.8 – (100) 100.0 0.24 35
21.4 ITO(211) 161.9 0.21 40
165 ¶C 6.85 – (100) 100.0 0.13 63
7.37 – (001) 4.0 0.26 32
21.4 ITO(211) 19.6 0.24 35
195 ¶C 6.85 – (100) 100.0 0.15 55.7
7.04 — (001) 8.6 0.13 63
7.37 – (001) 6.7 0.21 40
21.4 ITO(211) 32.9 0.24 35
21.7 (??) 3.4 0.10 82
240 ¶C 6.85 – (100) 100.0 0.13 67
7.04 — (001) 19.5 0.14 62
7.37 – (001) 4.5 0.21 41
21.4 ITO(211) 12.9 0.24 35
21.7 (???) 2.7 0.09 95
27.6 (???) 3.7 0.41 21
350 ¶C 7.04 — (001) 100 0.11 75
9.22 — (20-1) 6.8 0.18 46
10.6 — (200) 1.6 0.32 26
14.1 — (002) 2.5 0.14 61
15.5 — (201) 3.1 0.11 78
21.4 ITO(211) 11.3 0.22 38.8
21.6 — (202) 3.6 0.42 20
23.8 — (???) 7.4 0.23 38
26.3 — (41-2) 4.9 0.13 65
26.8 — (???) 2.4 0.18 47
28.5 — (004) 3.6 0.24 35
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4.2 Films of CuPc on SiNx
This section is dedicated to studies of CuPc thin films deposited on amorphous SiNx2. A number of
di erent gate dielectrics have been reported for fabrication of organic thin film transistors (OTFTs),
SiNx is the most recent and interesting one due to its compatibility on range of substrates, including
transparent and flexible plastic substrates, and low temperature processing [146, 147]. SiNx/Si has
been used as substrate for organic film growth for fabrication of TFTs, where a doped Si functions
as the gate contact and the SiNx as the dielectric [148]. Furthermore, it can o er atomically uniform
surfaces, making it excellent model surfaces for film growth studies.
From previous studies it is known that the CuPc molecules on inert substrates (e.g., SiO2) arrange
in structure of "upright-standing" molecules. However, detailed study of the morphology and crystal
structure of CuPc films on SiNx and their dependence on the deposition conditions using OVPD is
still undetermined. In addition, the knowledge of the structure and morphology is also relevant for the
studies on CuPc based TFTs presented in Chapter 6, in which CuPc films on SiNx and SiO2 dielectric
are deposited for the fabrication of field-e ect-transistors (FETs).
We present in-depth characterisation of the growth and structure of CuPc on SiNx dielectric
substrates, with a particular focus on the e ect of substrate temperature and deposition time. The
results are then compared with the growth of CuPc films on bare gold (Au) under growth conditions
(section 4.3). The morphological properties correlated with the electronic performance (Chapter 7).
Experimental details
In this study, PECVD grown SiNx layer of 230 nm thickness on n+ doped Si wafers have been used as
substrates. The substrates are cleaved into small sizes (0.5 ◊ 1.0 cm) and cleaned with the procedure
described in section 2.8. The CuPc films studied here have been grown in "Standard growth condition"
using a custom built OVPD, described in section 3.1. The growth conditions have been similar for
all samples: a substrate temperature of 85, 195 and 350 ¶C, chamber pressure 6.0 mbar, carrier gas
flow rate of 350 sccm and growth time varied between 20, 30, 40 and 100 minutes from start to end.
The deposition rates are calculated using ex-situ thickness measurements by cross-section scanning
electron microscopy.
2SiNx substrate have been provided by James Stott, PhD student in the group of Prof. Arokia Nathan at the London
Centre for Nanotechnology (LCN) at University College London (UCL). 230nm thick SiNx layer is grown on n+ Si using
PECVD technique
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4.2.1 Morphology and structure
Figure 4.6 shows SEM images of CuPc films grown for 100 minutes at di erent temperatures on SiNx.
Figure 4.6(a) clearly shows the dense and uniform packing of nano-sized elongated grains, 30-35 nm in
diameter and of 60 nm in length, densely packed for T sub = 85 ¶C. From cross-section SEM in Figure
4.6(a2) the film appears nearly 40 nm in thickness. The morphology of a CuPc thin film deposited
at 195 ¶C substrate temperature is shown in Figure 4.6(b), with packing of randomly distributed,
interpenetrating straight nanorods lying horizontal to the SiNx substrate surface. The film surface
appears highly porous but the thickness is interestingly uniform with very little variation, as shown
in Figure 4.6(b2). The individual crystallites range from 600 nm to over µm in length, 150 - 200 nm
in width and nearly 100 nm in height.
CuPc Film
(a)
Si
SiNx
(b)
(a2) (b2)
Si
SiNx
CuPc Film
(c)
(c2)
Si
SiNx
Figure 4.6: SEM micrographs of CuPc films deposited on SiNx with di erent T sub using OVPD, the
substrate temperatures in ¶C (a) 85, (b) 195, and (c) 350. Cross-sectional SEM images of films (a-c)
are shown in figures (a2 - c2).
Top and cross-section view SEM images of CuPc films deposited on bare SiNx at 350 ¶C substrate
temperature are shown in Figure 4.6(c) and 4.6(c2), respectively. The image shows clearly the dense
and uniform packing of planar nanorods and nano flakes of CuPc deposited regularly parallel to the
substrate surface, with di erent lengths ranging between 1 and 3 µm. The high contrast morphology
in Figure 4.5(c) is due to nanorods sticking out of the film plane with varying angles and random
directions, as shown in the related cross-section SEM image [Figure 4.6(c2)]. These nanorods are
of length ranging from 1 to 5 µm with diameter between 100 to 200 nm. Figure 4.5(c2) shows the
cross-sectional view of the underlying CuPc layer at higher magnification. The film appears to be
made up of two layers of planar nanorods with di erent width and height ranging from 100 nm to 200
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nm and length between 1 and 2 µm. The film shows a rougher surface and protrusions as shown in red
circle which are probably due to aggregation of neighbouring rods increasing in size during deposition
at higher substrate temperatures.
Figure 4.7 shows the X-ray di raction patterns for CuPc thin films deposited on bare amorphous
SiNx at di erent T sub. The SiNx background has been subtracted from all the patterns shown. The
pattern of the film in Figure 4.6(a) [T sub = 85 ¶C] shows a broad low intensity peak at 2◊ = 6.85¶
corresponding to the di raction from the (100) plane of –-CuPc [45]. The FWHM of 2◊ = 0.37¶
corresponds to a Scherrer radius of 23 ± 2 nm, which does correlates to the morphology shown in
Figure 4.6(a). As the substrate temperature increases to 195 ¶C, di raction from the (100) plane
becomes much more intense. There are also a low intensity shoulder peaks towards at 2◊ = 7.37¶ and
additional peaks at 2◊ = 13.7¶ and 27.5¶, which corresponds to the (001), a second harmonic from
(200) and di raction from the (11-2) planes respectively (see inset). The clear increase in intensity
and decrease in the FWHM of the di raction peaks (shown in Table 4.3) is in agreement with the
observed morphology in Figure 4.6(b). The appearance of these new peak corresponding to the same
alpha (–) crystal phase is very likely due to the change in preferential ordering in the films, which in
turn is a ected by film thickness [47].
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Figure 4.7: X-Ray di raction of CuPc films deposited on SiNx with di erent T sub using OVPD.
The nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0 mbar. The growth time
is 100 minutes. The source evaporation temperature is 480¶ and the substrate temperatures in ¶C (a)
85, (b)195, and (c) 350.
The XRD pattern of the CuPc OVPD film deposited at 350 ¶C shows a clear intense peak at 7.04¶
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and a few other low intensity peak located at higher angles. On closer examination (shown in inset
Figure 4.7) there are a total of nine peaks located at di erent positions of 2◊, all of which corresponds
to di raction from di erent planes (listed in Table 4.3) of —-phase CuPc. The adoption of this crystal
phase is previously shown in di erent MPc film grown by OVPD at high substrate temperatures [55]
and in Section 4.1 where CuPc adopt —-phase when deposited in identical condition on ITO coated
glass substrate. Furthermore, to our knowledge this is the first time that this has been observed for
CuPc film deposited on SiNx at 350 ¶C. The presence of the intense peak at 7.04¶ indicates that the
film is preferentially oriented with the (001) planes parallel to the SiNx surface. The clear sharpening
of the di raction peaks is in agreement with the increased crystal size observed. Interestingly, for
all the peaks observed the stacking axis (b-axis) of the columns is parallel to the planes while the
prominence of the (001) plane suggest that most molecules form an angle of 77¶ with the substrate.
The observed molecular orientation of "standing" CuPc molecules on SiNx, consequently with the
overlapping direction of their ﬁ-orbitals parallel to the substrate surface, is the most conductive for
those applications in which transport within the direction parallel to the substrate is essential, as is
the case in OFET where the charge flow in the plane of the film between source and drain electrodes.
This arrangement is usually formed on weakly interacting substrates, for example, glass, ITO coated
glass and is shown previously in Chapter 3 for glass substrate and in Section 4.1 for ITO coated glass
substrate. On the contrary, for metals, where the molecule-substrate interactions predominates over
the molecule-molecule interactions, the molecules grow with the stacking axis (b-axis) of the columns
perpendicular to the substrate surface (i.e., the molecules are lying down), as we will see in Section
4.3 for the case of a gold substrate.
4.2.2 Influence of deposition time and substrate temperature on CuPc film growth
on SiNx substrates
In order to understand the growth mechanism of CuPc films on SiNx and optimise the growth condi-
tions for making of OFETs by OVPD, films of CuPc were deposited with di erent substrate temper-
atures, T sub and deposition times, tdep. In our previous study, we found that T sub was an important
factor controlling the morphology and crystal structure of the deposited CuPc films, whereas position
of the substrate was crucial for achieving di erent deposition rates (Table 4.1 and Figure 4.3). It is
very important to note that the film deposition takes place upon thermal ramping of source material
and substrate temperatures. Thus, the temperature(s) at source and substrates reach their final values
di erent times. The time required to achieve the final stable temperature profile of the source and
substrates is about 60 minutes after initiating the deposition sequence, as described in section 2.6.1.
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The growth time as stated in this section is measured from the start of the temperature ramping from
room temperature, and therefore the films at di erent deposition times are indicative of growth taking
place in the initial stage of temperature ramping compared to the films described for deposition time
of 100 minutes in Sections 4.1 and 4.2. The temperatures ramping profile is shown in section 2.6.3
and key times that will be further investigated are summarised in Table 4.4.
Table 4.4: Source and substrates temperatures ramping summary. The final temperatures are at-
tained after 60 minutes from room temperature. The slow ramping of 45 cm position is due to thermal
insulators between zone2 and zone3. The barriers were placed in the furnace to obtain a uniform
temperature gradient once the temperature are reached to final values. (see section 2.6 for more
details).
Deposition Source-to-Substrate Temperature
time, tdep Distance, d (± 0.5 cm) ¶C (± 5 ¶)
20 0 cm 440
45 cm 145
55 cm 195
75 cm 95
30 0 cm 440
45 cm 220
55 cm 190
75 cm 105
40 0 cm 470
45 cm 260
55 cm 193
75 cm 94
60 0 cm 480
45 cm 350
55 cm 195
75 cm 85
As depicted in Figure 4.8, the growth of the film and its morphology is dependent on tdep and T sub,
which follows the same trend as the previous observations [Chapter 3]. SEM images of CuPc deposited
for 20 minutes at 95, 195 and 145 ¶C on bare SiNx are shown in Figure 4.8 a, b & c, respectively.
Figure 4.8(a) clearly shows substrate surface with some features that may be from substrate. Figure
4.8(b) shows low density scarcer deposition of horizontally aligned long and thin nanorods on the SiNx
surface with sizes ranging from 1 µm to 4 µm in lengths and 80 nm to 120 nm in diameters. The
SEM image of CuPc thin films deposited at 145 ¶C, [Figure 4.8(c)], shows similar morphology to that
observed in Figure 4.8(b), however the number of nanorods per unit area is larger and their respective
widths are slightly smaller with lengths ranging between 1 µm to 2 µm. This is most likely due to
slightly higher deposition rate since the substrate is closer the source and di usion rate of the arriving
molecules on the surface because of the reduced temperature of the substrate.
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Figure 4.8: SEM micrographs of CuPc films deposited on SiNx with di erent deposition time tdep
and T sub using OVPD. The nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0
mbar. The growth time is varied, (a - c) 20 mins, (d -f) 30 mins and (g - i) 40 minutes. The T sub are
given inset varied over time and summarised in Table 4.4
Increasing tdep from 20 minutes to 30 minutes causes change in T sub as listed in Table 4.4 where
the corresponding substrate temperatures are now at 105, 190 and 220 ¶C. SEM images of the CuPc
thin films deposited at these substrate temperatures are shown in Figure 4.8 (d, e & f) with cross-
section SEM shown inset. It should be noted that source temperature between 20 and 30 minutes of
deposition is constant at 440 ¶C and therefore the evaporation rate is presumed constant. However,
increase in film thickness and deposition rate only picks up after 30 minutes. Figure 4.8 (d) shows
clearly random distribution of some round grains and elongated nano-sized particles. The average
particle size is nearly 40 - 60 nm in diameter and 60 - 150 nm in length. From the comparison of
top-view and cross-section SEM images, at higher T sub of 190 and 220 ¶C (Figure 4.8 e & f) a thin
CuPc wetting layer over SiNx substrate is observed. Then, an interconnected network of straight and
twisted CuPc nanorods structure is found to be nucleated from this wetting layer. The individual
crystallites range from 200 nm to over 600 nm in length, 100 - 150 nm in width and nearly 100 nm
in height. An increase in film thickness is observed for film deposited at 220 ¶C as shown in Figure
4.8(f) and inset cross-section image. The dimensions and density of the structures appear to increase
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with substrate temperature and deposition rate. The film exhibits a rougher surface and protrusions
of structures as high as 300 nm growing vertically can be noticed.
Further increases in the deposition time resulted in only a small change in the substrate temper-
atures at 55 and 75 cm away from the source while 45 cm increased. SEM images of CuPc films
deposited at 95, 195 and 260 ¶C and T source = 470 ¶C are shown in Figure 4.8(g, h & i). Films where
the substrate temperatures are initially unchanged, the SEM images depict no major change in surface
morphology, except that the film thickness and crystallite sizes increases with increase in deposition
time [comparing Figure 4.8(g & h) and 4.8(d & e) from 30 minutes to 40 minutes]. It can be concluded
that for the first 20 minutes of deposition very sparse morphology and low thicknesses are observed.
From 30 minutes and later the "final" morphology of the films are obtained and an increase in film
thickness is observed. This is due to an increase in deposition rate with increasing temperature of the
source. Although we have a changing set of temperatures and deposition rates, we can assume that
the films follow homogeneous growth for fixed distance away from the source.
X-ray measurements
Figure 4.9 show the X-ray di raction patterns for CuPc thin films deposited on bare amorphous SiNx
at di erent T sub and tdep for source-to-substrate distances, d, of 45, 55, and 75 cm, respectively. The
letters assigned to the XRD scans refer to the morphologies in Figure 4.8 for ease of comparison. The
SiNx background has been subtracted from all the patterns shown. The XRD pattern of films deposited
for 20 minutes exhibits amorphous behaviour while at increased deposition times a peak at 2◊ = 6.85¶
is observed, which is characteristic feature of the –-CuPc and corresponds to di raction from the
(100) plane [45]. The di raction intensity of this (100) plane increases with growth time and substrate
temperature, while the FWHM becomes narrow, consistent with larger grains and more crystalline
films. Other peaks, shown inset in Figure 4.9, can be correlated with observation of multiple phases
(e.g., wetting layer and perpendicular crystals) in Figure 4.8. All the structures are proportional with
the texture observed at higher deposition of 100 minutes, Figure 4.7. NOTE - sample (i) does not look
like the precursor of the 100 nm film! There are various possibilities: (1) The alpha contribution is
there at 100 nm, but buried under the contribution of beta (check relative intensities of peaks to check
this). (2) The alpha contribution is annealed away when the temperature increases after 60 minutes.
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Figure 4.9: XRD patterns of CuPc films deposited on SiNx at di erent tdep and T sub using OVPD.
The source-to-substrate distance is 45 cm, nitrogen carrier gas flow rate is 350 sccm, and the chamber
pressure is 6.0 mbar. The deposition time is varied between 20, 30 and 40 minutes. The source to
substrate distances are; 75 cm (a, d, & g), 55 cm (b, e, & h) and 45 cm (c, f, & i). The T sub are varied
over time and are given in Table 4.4.
4.3 Films of CuPc on gold (Au)
Having determined the structural properties of the CuPc films on SiNx, which is normally used as
dielectric, we now move on to the structural properties of the CuPc on gold (Au) that serve as
contacts in OFETs. The growth of phthalocyanine compounds, including CuPcH16, CoPcF16 and
CoPcH16 on Au (111) layer has been investigated by Krauss and Mbenkum et al. [79, 80]. Growth
studies of phthalocyanine compounds on Au shows that the growth mode is sensitively influenced by
the presence of Au nano-particles which function as nucleation sites, accumulating di using molecules
on the substrate surface and encouraging vertical growth of uniform 1D nanostructures. Since the
aim of this work is to fabricate CuPc base OFETs using OVPD technique, it is import to explore the
growth of CuPc molecules on Au substrate.
Here in the case of CuPc on polycrystalline Au substrate, the molecules exhibit strong interaction
with the substrate forcing the CuPc molecules to lie horizontal with their molecular plane parallel to
Chapter 4. CuPc Thin Films grown by OVPD - E ect of Substrate Type 109
the substrate. At low substrate temperature and thinner film, CuPc molecules grow with the molec-
ular stacking (b-axis) axis perpendicular to the substrate. At higher coverages and higher substrate
temperature, a morphological transition takes place where nanorods grow tall and perpendicular while
maintaing the horizontal orientation of the molecules to the substrate surface. For the further investi-
gation based on the previous study (section 4.2), the influence of substrate temperature on the growth
and morphology of CuPc films deposited on gold substrates has been studied in this section. CuPc
films were deposited on top of SiNx/Si substrates, which were coated by thermal evaporation of gold
layers (thickness = 50 nm).3 The gold layer has a preferred crystal orientation in (111) plane, parallel
to the SiNx substrate. The OVPD technique was used in the standard conditions (section 2.6). The
substrate temperature is fixed at three temperatures 85, 195 and 350 ¶C, deposition time tdep is fixed
at 100 minutes, the chamber pressure and carrier gas flow rate are kept constant at 6.0 mbar and 350
sccm, respectively. Scanning electron microscope (SEM) has been used to study the film morphology
and the structural properties of CuPc films have been studied by X-ray di ractometry (XRD).
4.3.1 Au substrate characterisation
Prior to investigating the CuPc film growth on Au substrates, the Au substrates were treated under
same conditions as film growth in "standard conditions" in absence of CuPc source. SEM images of the
bare Au substrate treated at substrate temperature of 85, 195 and 350 ¶C are shown in Figure 4.10 a, b
and c, respectively. Results exhibit a slight increase in the Au particles size for substrate temperature
of 195 ¶C and above. XRD measurements shown in Figure 4.10(d), provides complementary results
revealing decrease of FWHM of the main peak at 2◊ = 31.8¶. The two visible peaks at 31.8¶ and 44.4¶
corresponds to di raction from Au (111) and Au (200) planes. We can conclude that while the grain
size of the Au will increase with substrate temperature, there is significant change in the structure.
As will be shown in subsequent sections, such changes are negligible compared to the di erences of
CuPc film morphology with T sub.
4.3.2 CuPc film growth on Au under standard conditions
4.3.2.1 Morphology
Figure 4.11 compares SEM images of the CuPc films deposited on polycrystalline Au on SiNx substrate,
both in top-view and cross-section. Figure 4.11 (a), shows clearly the dense and uniform packing of
3Provided by J. Stott at LCN, UCL
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Figure 4.10: SEM and XRD of Au (111) substrate at di erent T sub using OVPD. The nitrogen
carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0 mbar. The substrate treatment time
is 100 minutes. The substrate temperatures in ¶C (a) RT,(a) 85, (b)195, and (c) 350 ¶C. and (d) XRD
measurements, including the FWHM decrease with increased substrate temperature.
nano-sized grains on Au surface at T sub = 85 ¶C. In cross-section view they are mainly spherical and
the film is nearly 65 nm in thickness and contains smooth and uniform layer of crystallites of size
50 - 70 nm in width. With increase in substrate temperature, a sudden change in the morphology is
observed. The porosity and film roughness increase [Figure 4.11 (b & b2)]. At T sub = 195 ¶C the
film exhibits vertically aligned straight and rectangular nanorods protruding from the Au surface in
random directions. The thickness of the nanorods is nearly 50 nm, the widths are ≥100 nm, and the
length varies between 200 nm and 1.5 µm as shown in cross-section SEM image [Figure 4.11(b2)]. The
curved and bended tips observed in Figure 4.11(b) probably caused by electron beam exposure during
SEM; and for the thicker nanorods deposited at 195 ¶C substrate temperature, a straight geometry is
more stable [55, 61, 149].
Increasing the substrate temperature to 350¶C, the morphology changes dramatically as shown in
Figure 4.11(c & c2). The dimensions of the observed straight and twisted nanorods and nano-fibres
increases with a width varying between 100 nm and 1 µm while the lengths exceeds 10 µm. The
morphology of CuPc on Au is significantly di erent to that observed for ITO and SiNx substrates
in previous section. The results shows that a continuous growth of CuPc nanostructures in shape
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Figure 4.11: SEM micrographs of CuPc films deposited on Au (111) on top of SiNx with di erent
T sub using OVPD (The nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0
mbar. The growth time is 100 minutes). The source evaporation temperature is 480¶C and the
substrate temperatures in ¶C (a) 85, (b)195, and (c) 350. Cross-sectional SEM images of films (a-c)
are shown in figures (a2 - c2).
of nano pillars and rods can be promoted by using a polycrystalline Au film as a substrate on non-
interacting substrate such as SiNx. Previous studies of other Pc derivatives on Au templates shows
that during growth the Au nano particles on substrate surface act as nucleation sites which attract
di using molecules and promote growth of 1D nanostructures [80].
4.3.2.2 Structural characterisation
The peak that correspond to X-ray di ractions from plane (100), for peak at 2◊ = 6.85 ¶ previously
observed for films deposited in same conditions on ITO and SiNx substrate, vanishes at T sub = 195
¶C on gold substrate. Figure 4.12(I) compares the XRD patterns of the CuPc films deposited with
di erent substrate temperatures. The Au/SiNx background has been subtracted and the XRD patterns
for substrate temperatures of 85, 195 and 350 ¶C are shown in Figure 4.12(I) a, b and c, respectively.
Each pattern contains a number of peaks, suggesting a preferred orientation of the crystallites in the
films. For T sub of 85 ¶C film, the XRD pattern contain a peak 2◊ = 27.6¶ and a low intensity shoulder
at 26.6¶. Using the –-phase CuPc structure proposed by Hoshino, the peaks at 2◊ = 26.6¶ and 27.6¶
corresponds to di ractions from the (01-2) and (11-2) planes, respectively [45]. A schematic diagram
showing the molecular orientation for these observed crystallographic planes is given in Figure 4.12(II).
The more intense peak at 27.6¶ has a FWHM of 0.28 ± 0.01¶ which corresponds to a Scherrer grain
size of 30 ± 5 nm, SEM image in Figure 4.13[(I) a and a2].
Chapter 4. CuPc Thin Films grown by OVPD - E ect of Substrate Type 112
(I)
(II)
(11-2)
(01-2)
Molecular plane
7.5˚
9˚
6.85°
α(100)
27
.5°
α(1
1-2
)
CuPc on Au @ Tsub = 350 °C
CuPc on Au @ Tsub = 200 °C
CuPc on Au @ Tsub = 85 °C
α-(11-2)
In
te
ns
ity
 (
co
un
ts
)
0
50
100
150
200
250 103
2θ(°)
6 8 10 12 14 16 18 20 22 24 26 28 30
6.85°
α(100)
24.05°
α(01-1)
25.08°
α (11-1)
27
.5°
α(1
1-2
)
(c)
(b)
(a)
26.6°
α (01-2)
0
2000
4000
6000
8000
10 15 20 25
Figure 4.12: X-Ray di raction of CuPc films deposited on Au (111) on top of SiNx with di erent T sub
using OVPD. The nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0 mbar.
The growth time is 100 minutes. The source evaporation temperature is 480 ¶C and the substrate
temperatures in ¶C (a) 85, (b)195 and (c) 350 ¶C.
When the substrate temperature increases up to 195 ¶C, Figure 4.12(b), the peak at 2◊ = 27.6¶
evolves. When deposited on interacting substrates the CuPc molecules lie parallel to the surface. It has
been shown that the initial growth of CuPc film causes a subsequent CuPc film to adopt the underlying
structure and molecules lie flat with molecular planes approximately parallel to surface rather than
adopting its usual standing up orientation, as shown in Figure 4.5(a). This e ect is described to be
caused by ﬁ - ﬁ interactions between the Pc molecules [65, 80]. Consequently, an improvement in
charge transport in the direction of stacking of CuPc molecules is expected [66].
The XRD pattern of the CuPc OVPD film deposited at 350 ¶C for 100 mins is shown in Figure
4.12(c) and displays a clear intense peak at 27.6¶ and three other low intensity peak located at lower
◊ - 2◊. On closer examination and Lorentzian fitting (shown in inset Figure 4.14) these are located
at 2◊ = 24.0¶, 25.0¶ and 26.6¶, which corresponds to di raction from (01-1), (11-1), (01-2) and (11-2)
planes (listed in Table 4.5) of –-phase CuPc. The more intense peak at 2◊ = 27.6¶ has a FWHM of
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0.14 ± 0.01¶ which corresponds to a Scherrer radius of 65 ± 5 nm. This shows that the each crystallite
is made up of relatively few grains, which will promote e cient exciton di usion and charge transport
in the direction normal to film plane.
Table 4.5: Structural analysis of CuPc films deposited on Au coated SiNx substrate with di erent
substrate temperatures using OVPD. The table shows the angular positions, relative intensities and
indexation of X-ray di raction peaks of CuPc thin films deposited on Au (111) for 100 minutes.
CuPc films Peak Pos. 2◊¶ Planes Relative FWHM Scherrer
T sub [±0.1¶] (hkl) Int. [%] B, [2◊¶] radius, t (nm)
85 ¶C 26.6 – (01-2) 14.5 0.61± 0.05 20 ± 5 nm
27.6 – (11-2) 100 0.28± 0.02 32 ± 3 nm
195 ¶C 26.6 – (01-2) 0.3 — —
27.6 – (11-2) 100 0.128 ± 0.001 66 ± 5
350 ¶C 6.85 – (100) — — —
24.0 – (01-1) 0.2 — —
25.0 – (11-1) 0.4 — —
26.6 – (01-2) 1.9 0.07 ± 0.02 135 ± 20
27.6 – (11-2) 100 0.14 ± 0.01 65 ± 5
4.3.3 Influence of deposition rate Rdep and substrate temperature on CuPc film
growth on gold substrates
In this section, the influence of deposition rate, in the film growth mechanism, a growth of crystallites
formation in CuPc films on Au substrate with decreasing deposition rates has been studied. In OVPD,
the deposition rate is regulated by the temperature of the source, T source, deposition time, tdep and
by the carrier gas flow rate, V˙ , passing through source crucible. Therefore, di erent deposition rate
can be obtained by varying any of these parameters. In previous section, for T source = 480 ¶C films
containing nanostructures shows a large variation in crystallites size and film thicknesses. To control
film thickness and morphology of CuPc films the final T source is set to 470 ¶C.
4.3.3.1 Morphology and structural characterisation
Figure 4.13 shows the surface morphology of CuPc films deposited at T sub of 85, 195 and 350 ¶C,
respectively. The observed morphologies are similar to those observed at T source = 480 ¶C (section
4.3.2). Lowering the T source to 470 ¶C, i.e., lower growth rate, does not change the morphology and
structure. However, the influence of deposition rate can be observed in the film thicknesses [Figure
4.13]. Figure 4.15 shows that the vertical grain size decreases with decrease in deposition rate. This
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is as expected as for lower deposition time (20 - 40 minutes) growth shown in section 4.3.4 (where the
T source is 440 - 470 ¶C).
(b2)
Si Si
(a) (b)
(a2)
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(c2)
Si
Figure 4.13: SEM micrographs of CuPc films deposited on Au (111) on top of SiNx with di erent
T sub using OVPD. The nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0
mbar. The growth time is 100 minutes. The source evaporation temperature is 470 ¶C and the
substrate temperatures in ¶C (a) 85, (b)195, and (c) 350. Cross-sectional SEM images of films (a-c)
are shown in figures (a2 - c2).
Figure 4.14 compares the XRD patterns of the CuPc films deposited at T source 470 ¶C and di erent
T sub. The XRD pattern exhibit the same characteristic CuPc peaks as the previous series in Figure
4.14. Interestingly, for the film deposited at T sub = 195 ¶C a single sharp peak at 2◊ = 27.6¶ is
observed. This is likely due to reduced deposition rate. At low deposition rate and high substrate
temperature, the surface di usion of arriving CuPc molecules is promoted resulting in stable uniform
morphology, as shown in Figure 4.13(b).
Chapter 4. CuPc Thin Films grown by OVPD - E ect of Substrate Type 115
27
.5°
α(1
1-2
)
26
.6
°
α 
(0
1-
2)
CuPc on Au @ Tsub = 350 °C
CuPc on Au @ Tsub = 200 °C
CuPc on Au @ Tsub = 85 °C
In
te
ns
ity
 (
co
un
ts
)
0
50
100
150
200
250 103
2θ(°)
6 8 10 12 14 16 18 20 22 24 26 28 30
6.8
5°
α(1
00)
24.05°
α(01-1)
25.08°
α (11-1)
27
.5°
α(1
1-2
)
(c)
(b)
(a)
26
.6
°
α 
(0
1-
2)
7.05°
β(001)
0
5000
10000
15000
10 15 20 25
Figure 4.14: X-Ray di raction of CuPc films deposited on Au (111) on top of SiNx with di erent T sub
using OVPD. The nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0 mbar.
The growth time is 100 minutes. The source evaporation temperature is 470 ¶C and the substrate
temperatures in ¶C (a) 85, (b)195 and (c) 350 ¶C.
Table 4.6: Structural analysis of CuPc films deposited on Au (111) coated SiNx substrate with
di erent substrate temperatures using OVPD. The table shows the angular positions, relative intensities
and indexation of X-ray di raction peaks of CuPc thin films deposited on Au (111) for 100 minutes.
FWHM of the di racted peaks of CuPc films deposited on Au (111) substrate are calculated using
Lorentzian / Gaussian fitting functions. The peaks with their relative intensity less 1% are ignored.
CuPc films Peak Pos. 2◊¶ Planes Relative FWHM Scherrer
T sub [±0.1¶] (hkl)[45] Int. [%] B, [2◊¶] radius, t (nm)
85 ¶C 26.6 – (01-2) 12.1 0.65± 0.06 15± 4
27.6 – (11-2) 100 0.285± 0.01 30± 5
195 ¶C 27.6 – (11-2) 100 0.13± 0.01 70 ± 5 nm
350 ¶C 6.9 – (100) 0.2 – –
7.05 — (001) 0.2 – –
24.0 – (01-1) 1.3 0.11 90 ± 5 nm
25.0 – (11-1) 0.6 0.17 ± 0.01 53 ± 5 nm
26.6 – (01-2) 2.6 0.20 ± 0.02 45 ± 4 nm
27.6 – (11-2) 100 0.16 ± 0.01 54 ± 5 nm
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4.3.4 Influence of deposition time and substrate temperature on CuPc film growth
on gold substrates
As CuPc adopts a new structure on Au and to further our understanding of the nucleation of CuPc
nanostructures, the growth was investigated for low deposition time, tdep. Also, to explore whether it
would be possible to nucleate isolated nanostructures on the Au substrate.
4.3.4.1 Morphology and structural characterisation
Figure 4.15 shows the evolution of CuPc film growth on Au (111) as function of both tdep and T sub,
following the procedure adopted to elucidate the growth of CuPc on SiNx (described in section 4.2).
SEM images of CuPc films deposited for 20 minutes are shown in Figure 4.14. The substrate tempera-
tures of the three films shown here are 95, 195 and 145 ¶C respectively (see Table 4.4). Figure 4.14(a)
clearly shows the Au substrate surface with no film or structures. However, occasional features such
as encircled in red are observed, probably small CuPc islands. Figure 4.14(b) shows the morphology
of CuPc deposited for 20 minutes and at substrate temperature of 195 ¶C. Clearly there are three
dimensional islands (50-75 nm in diameter) of CuPc nanostructures which are randomly distributed
across the whole of the substrate surface. Figure 4.14(c) displays similar morphology to that shown
in Figure 4.14(b). However, the corresponding dimensions of the clusters observed are slightly larger
with average width ranging between 100 and 150 nm. This is most likely due to slightly higher depo-
sition rate since the substrate is shorter distance away from the source and lower di usion rate of the
arriving molecules on the surface because of the temperature of the substrate (145 ¶C).
It is worth mentioning that the results shown previously for CuPc films on SiNx (section 4.2) and
films on Au substrate (in this section) were deposited in single deposition run. Comparing the two
sets of results it is expected that the amount of CuPc deposited on Au substrates in these conditions
is similar as for corresponding SiNx substrates, except for the orientation. This implies that the orien-
tation observed for CuPc is already not equal at these early stages and that the molecular orientation
is due to substrate, not the temperature of the substrate.
Increasing tdep from 20 minutes to 30 minutes (and T sub to 105, 190 and 220 ¶C) increases the film
thicknesses and number of nucleation sites. For the film deposited at T sub of 105 ¶C, the SEM image
[Figure 4.15(d)] exhibit a random distribution of CuPc grains on the substrate where the average
grain size range 50 - 100 nm in diameter and the film thickness is nearly 40 nm. Since the T sub of
the films shown in Figure 4.15(b) and (e) are nearly the same (195 and 190 ¶C, respectively) and
the only change between the two is the deposition time, an increase in film thickness and density of
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Figure 4.15: SEM micrographs of CuPc films deposited on Au (111) coated SiNx with di erent
deposition time tdep and T sub using OVPD. The nitrogen carrier gas flow rate is 350 sccm, and the
chamber pressure is 6.0 mbar. The growth time is varied, (a - c) 20 mins, (d -f) 30 mins and (g - i) 40
minutes. The T sub are varied over time and summarised in Table 4.4.
nucleation sites, while maintaining the morphology observed by the end of 20 minutes deposition. The
average height of the individual crystallites is nearly 150 nm as shown inset in the cross-section SEM
image [Figure 4.15(e)]. At high T sub of 220 ¶C, a dense uniform film of interconnected round and
elongated crystallites with di erent diameter ranging between 70 nm to 150 nm has been found to
be deposited regularly, as shown in Figure 4.15(f). The inset SEM image shows the height of these
crystallites which is nearly 80 nm. Extending the deposition time further to 40 minutes, a change in
the film morphology and thicknesses is noticed as shown in Figure 4.15 (g,h and i). These changes
are attributed to change in tdep, T sub and deposition rates. The films deposited at T sub of 85 and 195
¶C and di erent deposition times resemble the 100 mins deposition shown in Figures 4.11 and 4.13,
whereas the morphology of 350 ¶C films are very di erent.
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X-ray measurements
From XRD all the structures are proportional with the texture observed at higher deposition times.
Figure 4.16, shows the X-ray di raction patterns for CuPc thin films deposited on bare polycrystalline
Au (111) coated SiNx at di erent T sub and tdep in Figure 4.16 (a-i). The Au (111) background has
been subtracted from all the patterns shown.
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Figure 4.16: XRD patterns of CuPc films deposited on Au (111) coated on SiNx at di erent tdep
and T sub using OVPD. The source-to-substrate distance is 45 cm, nitrogen carrier gas flow rate is
350 sccm, and the chamber pressure is 6.0 mbar. The growth time is varied, (c) 20, (f) 30 and (i) 40
minutes. The T sub are varied over time and are (c) 145, (f) 220 and (i) 260 ¶C.
For the 20 minutes growth no signal could be detected. This is due to very little or no CuPc
material on the substrate. [see section 3.2.3 for threshold time of deposition]. For deposition times of
30 and 40 mins a sharp peak at 2◊ = 27.6¶ is noticed, which corresponds to the –-(11-2) di racting
plane parallel to the substrate surface. The di raction peak intensity increases with growth time and
substrate temperature, while the FWHM becomes narrow. Suggesting increase in crystallinity and
grain sizes.
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4.4 CuPc FET fabrication by OVPD
To investigate the influence of Au on CuPc and fabricate CuPc based organic field-e ect transistors
using OVPD, CuPc films were deposited on FET substrates in same conditions as sections 4.2 and
4.3.
4.4.1 Morphology
As expected, the morphology of CuPc on Au and gate dielectrics (SiNx and SiOx) varied as function
of substrate temperature, T sub, during deposition. The morphology is very similar to that obtained
for SiNx and Au individually in sections 4.2 and 4.3, respectively. Figure 4.17 shows the morphology
of CuPc on bottom-gate, bottom-contact FET devices at di erent T sub. The transistor character-
istics of these FETs are presented later in section 6.2 of this thesis. The performance of transistors
varies depending on CuPc morphology and present significant improvement in charge carrier mobil-
ities, µ, threshold voltage, V th and source-drain current on/o  ratios over FETs fabricated at room
temperature (in OMBD).
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Figure 4.17: SEM images of CuPc films deposited on FET substrate with SiNx as gate dielectric at
di erent T sub using OVPD. (a) 85, (b) 195, and (c) 350 ¶C. a2, b2 and c2 shows cross-section SEM
images of (a), (b) and (c) respectively.
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4.5 Films of CuPc on flexible Kapton
Due to the potential of low cost and large-scale deposition of organic materials, controlled deposition
on flexible substrates hold potential promise for future’s fabrication of organic electronic devices.
Although, numerous studies focusing on fabrication of organic devices on flexible substrates has already
been reported [146, 150–152], depositions of uniform thin films on large areas is still a challenge. In
this section CuPc film growth on flexible substrate Kapton is demonstrated.
Experimental
In addition to conventional non-flexible ITO, SiNx and Au/SiNx substrates, OVPD technique also
allows for deposition of CuPc films on large areas flexible substrates. CuPc films were deposited on
Kapton substrate under standard growth conditions. A 40 cm by 4.4 cm area Kapton (50 µm thick )
sheet was rolled up and inserted in the inner quartz tube deposition chamber for film deposition. A
CuPc deposition was carried out in standard growth condition; growth time is 100 minutes, chamber
pressure is 6.0 mbar , carrier gas flow rate is kept constant at 350 sccm and T source and is 480 ¶C.
The substrate temperature during deposition varied along the length of the tube. For comparison
purposes, only three regions were selected for examination where the substrate temperatures are 85,
195 and 350 ¶C.
4.5.1 Morphology
Figure 4.18 compares the SEM images of CuPc deposited on Kapton at di erent substrate temperature.
As expected the morphology of the CuPc sensitively depend on the substrate temperature during film
deposition. At T sub = 85 ¶C, the film exhibit faceted rectangular/square grain morphology ranging
from 100 - 200 nm in length and width. The morphology of CuPc changes dramatically for T sub =
195 ¶C [Figure 4.18(b)]. Films shows a network of inter-connected laterally larger crystallites range
from 100 - 200 nm diameter and 300 - 500 nm in length. The nonuniform coverage of CuPc on Kapton
may be attributed to the surface roughness [153]. The morphology observed for T sub = 350 ¶C is very
similar to that observed for ITO and SiNx earlier in section 4.1 and 4.2, respectively.
4.5.2 Spectroscopy and X-ray di raction measurements
From UV-Vis and XRD characterisation shown in Figure 4.19, the CuPc films on Kapton adopt the
characteristic –-CuPc for substrate temperature of ≥ 85 and 195 ¶C. For high substrate temperature
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(a) (b) (c)
Figure 4.18: SEM micrographs of CuPc films deposited on Kapton with di erent T sub using OVPD.
The nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0 mbar. The growth time
is 100 minutes. The source evaporation temperature is 480 ¶C and the substrate temperatures in ¶C
(a) 85, (b)195, and (c) 350.
(350 ¶C) the CuPc films adopt the characteristics —-phase of CuPc. This is attributed mainly to
the substrate temperature during deposition and is independent of substrate type used. Heutz et al.
report similar results for CuPc on Kapton after annealing for 2 hours at 320 ¶C [12].
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Figure 4.19: (a) UV-Vis and (b) XRD pattern of CuPc deposited on Kapton substrate at di erent
T sub using OVPD. The nitrogen carrier gas flow rate is 350 sccm, and the chamber pressure is 6.0
mbar. The substrate treatment time is 100 minutes. The source evaporation temperature is 480 ¶C
and substrate temperatures are 85, 195, and 350 ¶C.
4.6 Growth model & Summary
In summary, we have studied the CuPc film growth on two types of substrates i.e, non-interacting
ITO, SiNx, and Kapton and interacting substrate Au. On non-interacting substrates and low substrate
temperatures the films adopt the characteristic –-phase whereas at high substrate temperatures the
films —-phase of CuPc. These results are consistent with results obtained for CuPc films on glass
substrate. All the films are textured with molecular stacking axis parallel to the substrate plane,
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i.e., the CuPc molecular plane lies 82 ± 11¶ to the surface. Further studies of varying source-to-
substrate distance in the case of ITO substrate, the findings are consistent with previous results in
Chapter ??. Where the film thickness and deposition rate increased exponentially with decrease in
the source-to-substrate distance by relation: L = L0 + A.exp≠rd
Where L0 (nm) is the minimum film thickness at infinite distance d, A (nm) is film thickness
constant that depends on the film growth conditions (including deposition time) and r is relative rate
constant. Calculated value of r = 0.15 ± 0.02 (cm≠1) is almost the same for all the di erent times.
Further investigations into lower deposition times show that at low substrate temperatures (i.e.,
source-to-substrate distance is large) the amount of film is negligible and that at high substrate tem-
perature (temperature is initially low, Figure 2.8) this lead to the presence of an additional layer of
alpha phase from early deposition.
For the films on Au a change in the molecular orientation was observed, molecules are in flat-lying
orientation and adopt the –-phase, even in high temperature conditions which would otherwise lead
to —-phase. The CuPc molecular plane lies parallel to the substrate at 7.4, 9 and 14¶.
The di erent growth modes observed on various substrates can be understood in terms of di erent
molecule-substrate interactions, since the molecule-molecule interaction strength is nearly the same
for all investigated films. If the molecule-substrate interaction is stronger than the molecule-molecule
interaction, then the adsorption of the molecule occurs in a flat-lying geometry i.e., the molecular
plane is parallel to the substrate surface (as shown in the schematic in Figure 4.20). If the molecule-
substrate interaction is weak, as in the case of any non-interacting substrates, the standing edge-on
molecular orientation is observed.
The Au surface on the substrate, which for evaporated Au on silicon nitride is very smooth and
dense (Figure 4.10). On the other hand the morphology of sputtered Au on glass is not as uniform
as evaporated Au and present surface with nano sized cracks. Also, the size of Au nano particles
increases with increase in substrate temperature [Figure 4.20] and thus cause change in the properties
of the Au substrate such as its crystallinity, roughness, surface energy, heat conductivity and optical
response (i.e., surface plasmon resonance). Which are all significant to the organic film growth process
and opto-electronic properties.
To conclude, we have shown in this chapter, CuPc thin films on the di erent substrates used
present some similar properties; for example adoption of the –-CuPc for films deposited at 200 ¶C
or lower and —-CuPc phase in films deposited at higher T sub. The packing and orientation of the
molecule with respect to the film/surface plane greatly depend on type of the substrate used. The
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(a)
(b)
(c)
CuPc growth on
Non-interacting substrate(s)
(e.g. Glass, ITO, SiNx, Kapton®)
CuPc growth on
interacting substrate(s)
(e.g. Au)
Figure 4.20: Growth model in two scenario are shown in the given schematics, (left) CuPc molecules
landing on non-interacting substrate(s) such as ITO, SiNx, Glass and Kapton and (right) Where there
is some degree of interaction between the arriving molecule and the substrate, e.g Au substrate ((a)
CuPc molecules landing on the surface of substrate randomly move around,sticking to each other and
forming primary islands; (b) following their random movement on the substrate surface, molecules form
interconnected clusters over the substrate surface which then grow independently, forming elongated
grain or nanorods that merge together resulting in an interconnected network of nanostructures; (c) at
higher temperatures molecules tend to agglomerate together since it is more energetically favourable
for the molecules to be decoupled from the surface and form isolated clusters. Also, at high substrate
temperatures
molecules crystallise in an upright "standing" configuration on all substrates, except for gold (Au)
where the molecules lie flat due to strong interaction between the molecule and the substrate surface.
In all cases, this packing of the films enhances the overlap of the ﬁ-orbitals in-plane of the films and
out of plane in case of Au, therefore promotes charge transfer in this direction. The degree of ordering
in-terms of its crystallinity and morphology depends critically on the deposition conditions. Better
control over the film properties along with an improved fabrication process will allow e cient devices
(i.e., OFETs and OPVs) to be realised using this study.
Chapter 5
CuPc Nanowires - A new polymorph
This chapter concentrates on elucidating the growth behaviour in di erent growth conditions. This
study is split into two parts. In section 5.1, we focus on the experimental setup, growth and properties of
CuPc nanowires deposited via OVPD in standard growth conditions (described in section 2.6). In sec-
tion 5.2, we demonstrate scaling up of the OVPD system (henceforth abbreviated BOVPD), and growth
of CuPc nanowires in di erent growth conditions. We also show the fabrication of FETs with CuPc
nanowires and the steps taken to improve control over the directionality and the yield of the nanowires.
In recent years extensive research has been focused on the fabrication of one-dimensional organic
nanostructures, i.e., nanofibers, nanoribons, nanowhiskers, nanorods and nanowires, etc [55, 152, 154–
158]. The controlled growth and fabrication of molecular nanostructures, nanowires in particular, is
currently an important subject and is becoming more widespread, as it leads to improved optimisation,
high performance and is well suited with our increasing demand for miniaturisation of optoelectronic
devices. Although growth and fabrication of functional one-dimensional nanostructures from numer-
ous organic materials have been obtained from di erent techniques, for example solution [159–161] or
vapour phase deposition [72, 80, 104, 105, 162], precise control of location, dimensionality and orien-
tation of these nanostructures is still a challenge. In addition the obtained nanostructures generally
retain properties as in film or bulk, which again could prove a limiting factor in organic applications
progress.
In this study a simple method of growing phthalocyanine nanowires by organic vapour transport
deposition (OVPD) on a range of substrates at room temperature is presented. We show fabrication
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of high density CuPc nanowires with typical diameters between 10-100 nm, high directionality, and
high aspect ratios. We also show that these nanowires are of a new crystal phase, named ÷-CuPc [48]
[49]. The nanowires exhibit a broadened absorption spectrum and molecules stack along the long axis.
This type of packing of the molecules in one-dimensional (1D) nanostructures enhances the ﬁ-orbitals
overlap and theoretically enhance the charge carrier mobility’s compared to thin films of the same
materials. Although continuing studies are being carried out to explain the growth mechanism and
measure electrical and magnetic properties in greater detail, the objective of this work is to demonstrate
the versatility of this simple, cost e ective fabrication method and the growth of nanowires on a range
of substrates, including fabrication of OFETs. The molecular packing and crystal structure of this
new polymorph (÷-CuPc) of CuPc was determined by Mauthoor [49].
5.1 CuPc Nanowires via OVPD
Previously, it has been shown that strong ﬁ - ﬁ interactions of aromatic systems such as that of Pcs
can result in the formation of one-dimensional (1-D) nanostructures (i.e., nanowires) [163]. Since the
molecules in nanowires are packed along the ﬁ - ﬁ stacking direction (long axis), the charge carrier
mobility is believed to be higher along this direction, this is caused by strong intermolecular coupling
between packed molecules in 1D nanostructures [164]. Consequently, for fabrication of field e ect
transistors the nanowire morphology is essentially preferred, due to enhanced ﬁ-orbitals overlap in the
direction of current flow.
Both in this thesis and previous studies, organic vapour phase deposition (OVPD) has been demon-
strated to be very successful at generating a wide range of film and nanostructures morphologies of
copper phthalocyanine [81], [55]. CuPc nanowires have been investigated for a variety of application
including field e ect transistors [104, 106, 162, 165]. Growth by vapour transport is advantageous in
many ways, for example it can o er better utilisation of source material and nanostructures can be
grown directly onto a substrate of choice without involving an intermediate step of deposition from a
di erent medium (e.g., solution based synthesis followed by deep coating), thus reducing the risk of
possible contamination. Although such processing techniques involve complexity with the manipula-
tion and pattering o of nanostructures on a device, these techniques have the potential to be much
more e cient than other bottom-up approaches [166].
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5.1.1 Morphology
Our investigation showed that depending on the deposition conditions in OVPD, typically three dis-
tinct morphologies (single crystals, thin films and nanowires) of CuPc can be observed. The single
crystal are of —-phase (shown later in section 5.2.2). The thin films are characterised previously in
Chapter 3 and Chapter 4 of this thesis. Figure 5.1(a) shows a photograph of CuPc nanowires growth
in the room temperature region of the deposition chamber (10 cm outside the furnace) after a typical
growth time of 2 hours. The nanowires nucleate randomly in many di erent positions. Once the nuclei
have formed these grow inside the sample tube over the length of the tube in the direction normal to
the vapour phase flow. The nanowires shows a strong tendency to aggregate and grow radially inward
until they reach the opposite side of the tube, or meet other nanowires, which are growing from other
directions. The aggregation is likely caused by van der Waals interactions between the nanowires.
Similar growth behaviour is also observed on various substrates, including flexible polymide (Kapton)
substrate rolled inside the inner tube, shown in Figure 5.1(b). Due to the weak interactions between
the Pc molecules, the observed CuPc nanowires are highly flexible and sensitive to growth conditions.
It was noticed that small bursts in chamber pressure, fluctuation in gas flow or vibrations of the cham-
ber during or after growth, resulted in collapse of the nanowires [Figure 5.1(d)]. While the length of
the nanowires varied from a few microns for individual wires to ≥4 cm (section 5.2) for the aggregates,
the distribution in nanowires diameter was relatively constant and varied between 10 - 100 nm as
shown in the SEM image in Figure 5.1(c).
5.1.2 Structural and optical characterisation
The crystal structure for these CuPc nanowires (÷-CuPc) is previously determined by our group
[49, 167], by using combined study of absorption spectroscopy, X-ray di raction (XRD), transmission
electron di raction (TED) and transmission electron microscopy (TEM) [49]. The proposed structure
of this new polymorph of CuPc shares many properties of other known phases of CuPc such as
the density and columnar arrangement of —-CuPc [46], the stacking angle of – [45] and in-stack
molecular overlap of “-CuPc [168]. Figure 6.2(a) compares the UV-Vis absorption spectra of the CuPc
nanowires with the –- and —-CuPc spectra in the 500 - 900 nm (Q-band). In solid form the optical
properties of phthalocyanine (Pc) compounds are strongly a ected by intermolecular interactions [59]
and consequently are specific to a particular crystal structure. The absorption spectrum of CuPc
nanowires is obtained from nanowires grown directly on a kapton substrate [Figure 5.1(b)], the –-
CuPc spectrum from a 100 nm thin film deposited on glass at room temperature using high vacuum
OMBD, and —-CuPc spectrum from a 100 nm thin film deposited on glass and annealed at substrate
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Figure 5.1: Photographic and SEM images of ÷-CuPc branches and nanowires. Digital photographs
showing the growth of CuPc branches (a) inside the quartz tube (b) on a Kapton substrate. (c) High
magnification SEM image of ÷-CuPc nanowires, and (d) SEM image of bundles of nanowires on kapton
substrate.
temperature of ≥320 ¶C 1. The absorption intensities are normalised to the most intense peak for
presentation purposes. The absorption spectrum of CuPc nanowires displays two broad peaks located
at ≥615 and ≥765 nm, which is noticeably di erent to that of both –- and —-CuPc films.
Figure 5.2(b) shows X-ray di raction for nanowires grown at room temperature, in ◊ - 2◊ configu-
ration, for values of 2◊ in the range 5 - 30¶. XRD characterisation was performed in a similar manner
to that published by our group,[48], that is, by collecting the CuPc nanowires onto glass and silicon
substrates. To improve the signal-to-noise ratio, nanowires are collected from multiple growth runs.
The XRD peaks of the CuPc nanowires in all cases have the same positions, where total of six peaks
are observed at 2◊ = 6.9, 7.5, 8.7, 14.2, 14.7 and 17.4 ± 0.1¶ indicating the ÷-CuPc [49]. The intensity
ratios of the observed peaks vary [Figure 6.2(b)], because of the variations in the orientation of the
nanowires as these are collected on the substrates. The later three peaks are the second orders of
the peaks at 2◊ = 6.9, 7.5 and 8.7¶ which corresponds to di raction from the (001), (200) and (20-1)
planes respectively. Typically, for –-phase CuPc films the two lowest angle peaks corresponding to
1Obtained by Sandrine Heutz, Imperial College London
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Figure 5.2: (a) Electronic absorption spectra of a range of CuPc samples, including wires collected
on a glass slide, – and — films. The wire absorption extends further in the red than any known thin
film polymorphs.(b) XRD patterns of nanowires collected on glass and silicon after growth on the
chamber walls. Vertical marker lines are used to represent the (00n), (2n00) and (2n0-n) family of
planes, respectively.
(100) and (001) planes are frequently observed [45] whereas the peak at 8.7¶ is very similar to that
reported for ﬁ-CuPc (8.8¶) [168]. However from literature, no polymorph of CuPc has the combination
of all three low angle peaks. Thus it is concluded that the nanowires are a new polymorph of CuPc,
called ÷-CuPc [48].
5.2 CuPc Nanowires via BOVPD
In section 5.1, the OVPD technique is successfully utilised in the low pressure (e.g., mbar) growth
of the copper phthalocyanine (CuPc) nanowires with new structural, optical and magnetic properties
[48]. The growth conditions are as in Chapters 3 and 4, which has been optimised for thin films. In this
section, a modified setup of OVPD technique for the growth of nanowires, operated in both low pressure
and atmospheric pressure (B-OVPD), is used to grow nanowires on various substrates. Organic field
e ect transistors (OFETs) consisting of CuPc nanowires are also fabricated, through direct growth
and by post growth processing (for example, wetting and stamping of substrates to transfer nanowires
unto it). Furthermore, the B-OVPD setup is extended to other molecular compounds and is found be
applicable to grow nanowires of various metal phthalocyanine compounds including CoPc, FePc and
ZnPc. This section will strictly concentrate on the growth, morphology and optical absorption of the
CuPc nanowires. Although the precise growth mechanism resulting in the nanowire morphology and
new crystal structure is still poorly understood and remains a topic of continuing research.
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5.2.1 Customised OVPD
The modified OVPD setup designed to grow CuPc nanowires is shown schematically in Figure 6.3(a).
The B-OVPD setup consists of a quartz tubular chamber (2.0 m long and 5.4 cm in diameter) in-
serted into a three-zone TMH12/75/750 Elite furnace (with a meter long ceramic tube) where the
temperature of the three individual zones (each 25 cm in length) can be independently controlled.
A 1.8 m long quartz tube inside the chamber (inner diameter of 4.0 cm) acts as an anchoring point
for the vertical growth of the nanowires and contains the source material, which is maintained in a
rectangular shaped alumina crucible at the centre of the hottest zone. The temperatures of zones 1, 2,
and 3 are set to 480 ¶C, 480 ¶C and 250 ¶C respectively. The temperature gradient along the furnace,
once stabilised at the final set temperature (after 60 minutes from start) is shown in Figure 5.3. The
temperature profile of the chamber is pre-measured by a 180 cm long thermocouple inserted into the
inner tube along the furnace every one centimetre per step. The thermocouple was placed at each
point for two minutes until the readings were stable.
Figure 5.3: Schematic diagram of customised OVPD (B-OVPD). (a) Shows di erent regions of
the chamber where the three distinctive morphologies, single crystals, fibrous film and nanowires are
observed. (b) Final temperature gradient along the chamber during growth.
The source material is sublimed in zone1, where the temperature is set to be higher than the
sublimation temperature so that the molecules are transported by the carrier gas, through zone2
(normalisation zone) and zone3 (condensation zone) to the end of the deposition chamber. Nitrogen
(N2) carrier gas is introduced into the hot end of the chamber to provide a slight flow gradient,
causing the vaporised CuPc material to flow along the chamber tube. The flow of the N2 gas stream is
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regulated by a Platon VA flowmeter at rates between 0.5 and 1.0 litre per minute during growths. The
opposite end of the chamber is connected to a trap and an exhaust for maintaing a clean and stable
pressure environment. Contrary to the previous system (Chapters 3, 3 and section 5.1), no pumping
was required at the flow end.
For the CuPc wire growth, a large piece of polymide (Kapton) film is inserted into the inner tube
to cover the whole of the deposition part of the chamber due to its thermal stability and flexibility.
Before putting the substrate into the tube for direct growth, these were cleaned thoroughly to avoid
introducing any impurities or dust, which may a ect the growth and characterising process. In our
case, the Kapton substrate (12.5 x 60 cm) and transistor devices (1 cm x 1 cm chips) are immersed in
an acetone bath, then in isopropanol (IPA) bath and sonicated for ten minutes for each of the cleaning
agents. After the sonicating, substrates are rinsed by IPA and dried by nitrogen gas flow.
5.2.2 Morphology and Spectroscopy
Our studies show that depending on the temperature conditions along the chamber tube, shown
schematically in Figure 6.3(a), three distinctive morphologies of CuPc material can be observed:
1. A network of CuPc nanowires growing perpendicular to the substrate.
2. A dense fibrous film.
3. —-CuPc needle shaped single crystals.
Figure 5.4(a) shows a photograph of the CuPc nanowires grown in similar conditions as in section
6.1, where the chamber pressure was 6.0 mbar, gas flow rate of 350 sccm and growth time 24hrs. Those
branches nucleate randomly throughout the length of sample tube, which is 10 - 60 cm outside the
furnace, where the temperature is close to ambient [Figure 5.3]. The nanowires agglomerate in form
of large bundles keeping the same long range orientation as their original branches [Figure 5.4(a)].
Similar growth patterns were obtained when the chamber pressure and gas flow rates were varied to
atmospheric pressure and 1.0 litre/min, respectively [Figure 5.4(b-i)]. Figure 5.4(b) shows nanowires
growth on a Kapton substrates rolled inside the inner tube, yielding nanowires deposition in random
fashion over 12 cm x 50 cm area. The branches maintain their radial growth direction inward until
they reach the opposite side of the quartz tube, corresponding to maximum lengths of 4.0 cm [Figure
5.4(b)]. Growth on non-flexible substrates such as glass, silicon or FET structures is also possible,
although there the nucleation occurs preferentially at the edge of the substrate facing the flow [Figure
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5.4(c)]. Figure 5.4(d - f) shows that the branches contain bundles of nanowires maintaining the same
long-range directionality as their parent branches.
(a) (b) (c)
(d) (f)(e)
Figure 5.4: Photographic and SEM images of ÷-CuPc branches and nanowires, fibrous film and
single crystals. Camera photographs showing the growth of CuPc branches inside the quartz tube
(a) on chamber walls, (b) Nanowires branches up to 4 cm in length on Kapton, on suspended glass
substrate (c), SEM images of ÷-CuPc branches showing bundles of nanowires (d-f).
Figure 5.5 show a dense fibrous film consists of nanowires with lengths ranging between 5 - 10 µm
and diameters from 100 - 200 nm are observed for the chamber temperature from 50 - 320 ¶C and
—-CuPc needle shaped single crystals up to ≥3 cm in length and 0.5 mm2 in area are observed in
temperature region of 340 - 400 ¶C (Figure 5.3).
(c)
(b)(a)
(d)
Figure 5.5: Photographic (a) and SEM images (b and c) of fibrous film and (d) — single crystals.
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UV-Vis and XRD
The nanowires are characterised by UV-Vis absorption spectroscopy and X-Ray di raction. Figure
5.6(a) compares the Q-band of typical – and —-CuPc films with the CuPc fibrous film and CuPc
nanowires. The spectrum of the wires exhibits two broad peaks located at nearly 615 and 765 nm,
suggesting nanowires are ÷-phase [48]. Similarly, the fibrous film shows two broad peak located at
615 and 765 nm and a plateau near 690 nm, respectively. However, the intensity of the higher
energy maximum peak is larger than that of the low energy peak suggesting that the fibrous films are
presumably a mixture of phases. It is therefore presumed that the films experience a possible phase
transformation during growth.
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Figure 5.6: (a) UV-Vis absorption spectra of di erent polymorph of CuPc comparing the electronic
absorption of CuPc nanowires and fibrous films grown using B-OVPD. (b) XRD scans of as-grown wires
and films on Kapton substrate and single crystal. Vertical marker dashed lines are used to represent
the (00n), (2n00) and (2n0n) family of planes of ÷-phase. Inset shows a zoomed in pattern of as grown
CuPc nanowires on Kapton. The peak denoted by the asterisk (ú) cannot be assigned to any of the
commonly know phases of CuPc. The substrate contribution has been removed.
Figure 5.6(b) shows the X-ray di raction patterns for CuPc single crystals formed in OVPD at
temperatures in range of 340 - 400 ¶C, film on the kapton substrate at di erent substrate heating
temperatures and nanowires. The representative curves in figure give the pattern for the three distinc-
tive morphologies. The XRD pattern of single crystal clearly show three peaks at ◊ - 2◊ = 7.04, 14.1
and 28.4¶ corresponding to the (001), (002) and (004) lattice planes of —-phase of CuPc, respectively
[46]. For the film three peaks are observed: an intense peak centred at 2◊ = 6.8¶, shoulder at 6.9¶
and low intensity peaks at 7.5¶, respectively which corresponds to di raction from the (100) and (001)
planes of –-CuPc [45]. The peak at 9.2¶ which is not registered previously is probably due to presence
of —-phase di racting from (20-1) lattice plane [46]. Films containing a mixture of CuPc phases has
been reported previously, for di erent growth conditions, in Chapters 3 and 4 of this thesis. As-grown
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CuPc nanowires on Kapton substrate are also characterised by XRD. A slower scan was performed
to obtain a reasonable signal-to-noise ratio but the XRD signal was still very weak and only two low
intensity peaks at 2◊ = 7.5 and 10.1¶ are observed, as shown in the inset in Figure 5.6(b). At present
the peak at 10.1¶ cannot be related to any known polymorph of CuPc. It is known that the stability
of crystal phases of Pc strongly depend on growth conditions (i.e, substrate temperature) and crys-
tallites size [55] [56]. Also, it is di cult to establish if the absence of other peaks and the observed
weak signal is due to the low crystallinity or the scarcity of thinly spread as-grown nanowires on the
substrate [Figure 5.6(f &g)]. The UV-Vis is very similar to that observed previously for nanowires in
section 5.1. The structure is still uncertain, mainly due to low signal, and absence of TEM and TED
data.Further investigation is necessary to fully explain the structural properties of CuPc nanowires
grown via B-OVPD and exploit the potential for device applications of this new polymorph of CuPc.
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5.3 ÷-CuPc nanowires FET device integration
To use the obtained one-dimensional nanowires as device components, the need to be integrated
e ciently on a device platform. The integration of such nanostructures into devices is generally
done by one of the two possible methods: in-situ growth where the nanowires are grown directly on
the device substrates, or via ex-situ post-growth processing where transfer is made from the growth
substrate to device substrate. In this section, the two methods are demonstrated.
Initially, attempts were made to grow the nanowires directly onto a pre-patterned bottom-gate,
bottom-contact FET substrate by placing them at the bottom of the quartz tube in the growth chamber
[Figure 5.4(c)]. However, there the direct growth on substrates proved extremely di cult due to the
random nature of the nanowires nucleation and growth sites. In other cases, it was noticed that the
nucleation occurred preferentially at the edge of the substrate facing the flow, resulting in low yield
or no growth of nanowires on FET device structures [Figure 5.7].
N2 Gas 
Flow
N2 Gas 
Flow
(a) (b)
Figure 5.7: SEM images of ÷-CuPc branches and nanowires showing preferential nucleation on edge
of the substrate facing the flow of the carrier gas. (a) A low growth on the FET structures and (b) No
direct growth on the FET device structures.
5.3.1 In-situ Custom-designed nanowires growth with flow channel
To improve the nanowires device integration directly by OVPD, a simple and e cient in-situ design
was adopted. This method involves the use of flow channeling, in the ambient temperature region,
to define the nanowire growth area. The channels consists of two glass slides of 3.5 cm ◊ 2.5 cm
and 3.0 cm ◊ 2.5 cm, respectively [Figure 5.8]. Silicon substrates (1cm2) containing FET structures
are mounted onto the glass substrates and placed inside the chamber in shelves arrangement during
deposition resulting in increased wires nucleation and growth only in channel area.
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(a) (b)
(d)(c) (e)
Figure 5.8: (a) Optical photograph of CuPc nanowires growing preferentially on substrates, and (b
and C) shows direct growth and fabrication of CuPc based OFET devices. (d and e) Representative
SEM images of CuPc wires on FET devices.
Figure 5.8 illustrates a significant increase in nucleation sites and growth of nanowires directly on
to the FET structures, growing preferentially perpendicular between the glass shelves due to enhanced
mass transfer to the substrate [118]. However, on the edges of the glass shelves [Figure 5.8(a)], the
yield of the wires is considerably higher at the exit. This is assumed to be due to back flow of the gas
phase and increased concentration of molecular collisions.
The dimensions of each shelves and spacing (h) between the parallel glass shelves and the quartz
tube walls give rise to change in flow pressure, velocity and boundary layer (”) [Figure 5.9]. This
shows, depending on the volume of individual channels, a significant decrease in flow pressure and
boundary layer thickness (”) and an increase in velocity when the flow enters the channels from the
main quartz tube [169]. Once inside the channel region the pressure, velocity and boundary layer
remain constant. At exit to the main tube, the velocity decreases while pressure increases resulting in
a back flow near the edge of the channel as shown in Figure 5.9.
5.3.2 Ex-situ substrate stamping transfer technique
An alternative method to in-situ growth is the transfer of nanowires and 1D-nanostructures via post-
growth manipulation onto the desired substrate. This includes intermediary processes such as transfer
via solution or direct transfer. Transfer via solution can be achieved using drop-casting technique [152],
where the nanostructures are suspended in a solution that is then applied to a substrate or device
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Figure 5.9: Schematic diagram of OVPD setup, illustrating change in flow pattern and boundary-
layer thickness (”) across the channels.
structure of choice by applying droplet of the suspension. Highly ordered and aligned nanostructures
can be obtained using, for example, electro-spinning, dielectrophoresis or microfluidic alignment [159]
[170] [171]. Direct transfer methods on the other hand do not involve any intermediary solution process
and can significantly reduce the possibility of contamination. Direct transfer relies upon the placement
of nanowires, from the growth substrate, in direct physical contact with the receiving substrate. This
can be achieved using for example, contact printing or stamping [172].
Considering the weakly van der Waals bonded crystal structure and fragility of the CuPc nanowires,
we demonstrate transfer of nanowires using the stamping method. This is because stamping does
not involve any sliding motion of the substrate and therefore no shear forces. It is important to
mention that shear-based transfer is not viable for organic nanostructures, which are significantly
less mechanically robust compared to their inorganic counterpart [157]. Here, the stamping transfer
method, as sown in Figure 5.10, has been demonstrated to transfer nanowires using, (i) dry substrate
and (ii) wet substrates respectively.
CuPc nanowires and fibrous films are grown directly on flexible plastic Kapton substrate, rolled
inside the quartz tube, as shown earlier in section 5.1.2. After growth the kapton with as-grown
nanowires is extracted and secured on a clean and flat worktop to minimise contamination and de-
formation during transfer. The process, as shown in Figure 5.10, is described as follows. First, both
the receiver and donor substrate are placed in contact with each other and then pressed uniformly
downwards against the donor substrate in ambient conditions. Figure 5.11 (a & b) demonstrates the
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Donor substrate,
e.g. Kapton
Force
Receiving substrate,
e.g. Glass, Si etc.
Figure 5.10: Schematic illustration of stamping process that uses simple forcing down of receiving
substrate to transfer the OVPD grown, CuPc nanowires from Kapton growth substrate to other receiver
substrates.
transfer of CuPc nanowires and fibrous film to a glass substrate. The non-uniform transfer of the film
shown [Figure 5.11(b)] is very likely caused by imperfect parallelism between the two substrates and
the force applied. SEM images of CuPc nanowires and film are shown in Figure 5.11 (c) and 5.11 (d),
respectively. The second method of stamping involved wetting of the receiver substrate (i.e., FETs)
with ethanol and bringing in contact with the as-grown nanowires on Kapton. At room temperature,
ethanol evaporates within minutes, leaving nanowires on substrate surface. Figure 5.11 (e & f) shows
optical images of the nanowires that are randomly dispersed on the electrodes of FET devices.
The essential conditions for a successful transfer it that the adhesion of the as grown towards the
recipient substrate is stronger than the adhesion to the growth substrate. Here, a simple explanation
of the forces associated with the transfer of the nanowires and fibrous film via capillary and/or van
der Waals forces is provided [172, 173].
5.3.3 Integrity transferred CuPc nanowires and film
Figure 5.11(c) & (d) shows that the wires morphology was conserved following the transfer. To assess
whether the structure and optical properties were a ected, the nanowires and film were both studied
by UV-Vis absorption spectroscopy. The absorption spectra [Figure 5.12] from both as-grown and
transferred nanowires and film on Kapton to glass substrates show basically the same characteristics.
This suggests that no significant defect density or contaminations are introduced during the stamp
transfer process. The decrease in absorption intensities are related to the amount of grown structures
being transferred from the as-grown Kapton substrate to the receiver glass substrate.
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(a) (b)
(e) (f)
1.0 cm
(c) (d)
Figure 5.11: Photographs and SEM images of CuPc nanowires and film transfer via dry and wet
stamping. (a) Aligned CuPc branches arrays and (b) dense fibrous film transferred from a flexible
Kapton substrate to dry transparent glass substrates. (c) and (d) shows representative SEM images of
wires and film shown in (a) and (b), respectively. FET substrates with transferred (e) nanowires and
(f) film-using ethanol wet substrates.
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Figure 5.12: UV-Vis absorption of as-grown and transferred CuPc (a) nanowires and (b) Fibrous
film. The Kapton and glass substrate background has been removed for presentation purpose.
Chapter 5. CuPc Nanowires - A new polymorph 139
5.4 CuPc nanowires growth mechanism
The proposed model for the growth of CuPc nanowires is though to follow di erent stages as schema-
tised in Figure 5.13. The deposition and crystallisation of molecules on a surface from a homogenous
vapour phase is a process controlled by a super saturation regime [174]. The magnitude of super
saturation depends on number of factors, for example, the deposition chamber conditions, number of
arriving molecules on the substrate, the temperature conditions of the substrate, and other factors
such as roughness, defects and impurities that can act as nucleation sites for the wires growth [Figure
5.13]. The mechanism for wire growth can be understood as a rapid nucleation due to super saturation
of the vapour after the sharp temperature drop at the exit of the furnace [Figure 5.3], followed by
preferential deposition of the nuclei and growth of wires by self-arrangement of the molecules along
the wire axis by strong ﬁ - ﬁ interactions. Further experiments are still needed to fully understand
the growth mechanism.
!
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Mobility of molecules on the surface
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Nuclei formation
! !
(b)
Nucleation site
(particle, defect, roughness)
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Substrate surface
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!
Figure 5.13: Schematic digram of the growth mechanism. (a) Rough surfaces, substrate edge or
defects acting as nucleation sites. (b) Formation of the crystal nuclei by the arrival of a high flux
of molecules from the substrate at the nucleation site. (c) Crystal formation by self-assembly of the
molecules. (d) Development of the 1D nanostructure.
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5.5 Summary
In summary, we have demonstrate a cost e ective and simple method of OVPD for the fabrication
of ultra long copper phthalocyanine (CuPc) nanowires with new crystal structure and broad optical
absorption, extending into the red, which could be advantageous for solar cell applications. The wires
diameters range from as low as 10 nm to 150 nm with lengths exceeding 4.0 cm. To our knowledge
this is first time that nanowires having aspect ratios, of the order of 106, are ever reported. The strong
electronic overlap along the long wire axis has been shown to have enhanced electrical properties when
used in FET devices (Chapter 7).
CuPc nanowires are grown on range of substrates, including fabrication of field-e ect transistors.
The yield of nanowires growth, directly onto FET device structures, is achieved via a customised
OVPD design. This brings up the possibility for the growth of 1D structure with precise control of
dimensions and direct incorporation in other functional devices. Fibrous film and single crystals of
CuPc are also obtained in same growth run as nanowires. The films are probably a mixture of –
and ÷-phase CuPc which induces change in the UV-Vis and XRD results. The single crystals are of
—-polymorph with high purity and are used later for the fabrication of FET devices.
Furthermore, a transfer technique is presented. Stamping technique enables fast and damage-free
transfer of as-grown CuPc nanowires and films onto desired substrate. Spectroscopic analysis shows
that the CuPc nanowires are very robust and the properties are retained after transfer and applied
mechanical stress. A model explaining the growth mechanism base on a crystallisation process has
been proposed. Further experimental and theoretical analyses are still required to fully explain the
growth mechanism.
Chapter 6
CuPc Thin Films grown by OMBD
As mentioned earlier the aim of this thesis is to explore, to improve, to complement and, where possible
to develop existing organic thin film deposition techniques for the fabrication of phthalocyanines based
devices and in particular organic field e ect transistors (OFETs). If we take a look at the structure
of an OFET, for example, several material interfaces and parts can be seen. The film properties of
the organic semiconductor could possibly be tailored namely the morphology, the crystallinity and
interfaces of the organic film with the dielectric and source and drain electrodes. Both in literature
and in this thesis, several studies have been pursued to explore and improve film properties.
Previously in Chapter 3, 4 and 5, we concentrated on the organic vapour phase deposition (OVPD)
technique, in a range of deposition conditions, for growing CuPc films and nanostructures having dis-
tinct morphological, optical and structural properties. In this chapter, we focus on phthalocyanines
film deposited on various substrates in a high vacuum environment (OMBD). This environment can
provide the essential material purity and structural reproducibility, required in future high perfor-
mance optoelectronic device applications. The principles of the two deposition techniques with their
advantages and disadvantages are described in detail in Chapter 2.1 of this thesis.
An important deposition parameter in OMBD is substrate temperature (T sub) as if has been shown
to a ect the structure and morphology of the film [53]. Previous studies of T sub have mainly focused
on films grown on glass and Si substrates. Here we extend this study to SiNx and Au, which are
components of the FETs that will be discussed in Chapter 7. In sections 6.1, we discuss properties
of CuPc films deposited on various substrates. In section 6.2, the influence of substrate temperature
on those films is presented. Lastly in section 6.3, templating of CuPc on top of a CuPc seed layer is
presented.
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Experimental
Copper phthalocyanines were deposited on various substrates by thermal evaporation in a high vacuum
system (OMBD) at pressure value in range of 1x10≠7 mbar. The system is described previously in
section 2.5. The source powder is bought from Sigma-Aldrich with 97% purity and used with no
further purification, except for fabrication of FETs, as the thin films showed identical spectroscopic
and structural properties when prepared with as-bought or purified source material. A typical film
growth procedure involves substrates cleaning using the procedure described in section 2.8. The source
material is then slowly heated in a Knudsen cell from room temperature (RT) to nearly 330 ¶C in a
high vacuum. The film deposition sequence is initiated on substrates at room temperature, except
for section 6.2 where a comparative study of CuPc film growth with substrate temperature of 200 ¶C
is investigated. Film thickness and deposition rate are controlled through use of a QCM, which is
pre-calibrated for CuPc compounds [section 2.14].
6.1 Influence of substrate type on film properties.
CuPc films with nominal thickness of 100 nm were deposited at a typical deposition rate of 1.0 Å/s.
Various substrates, i.e., glass, SiNx, Au, and FET structures all maintained at 25 ¶C were used and
their e ect on the film morphology, structure and spectroscopic properties were assessed. The CuPc
film of 50 nm on SiNx substrate is deposited at rate of 0.2 Å/sec to simulate the same conditions as
used for OFETs fabrications later.
6.1.1 Morphology
All films of CuPc deposited on substrates maintained at room temperature in the OMBD are char-
acterised by dense uniform layers consisting of nearly spherical grain morphology with an average
apparent diameter size of 40 ± 5 nm, as shown in the top view SEM images of Figure 6.1(a-c). How-
ever, the grains size in phthalocyanine films is thickness dependent, with an increase in grain size as
function of film thickness in relatively thicker films (100 nm - 400 nm), this has been previously report
by Yim and Jones [77]. Note that the CuPc film is coated with a conducting layer of chromium metal
of approximately 10 nm for SEM imaging purpose. Hence, the grain size may be overestimated 1.
The corresponding cross-section SEM images of the films were obtained by cleaving the sample [ex-
perimental details are shown in section 3.6]. The thicknesses of the CuPc films are in close agreement
1Image processing software, Image J and Macnification® for Mac were used to measure the grain sizes.
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with those measured by the film thickness monitor (QCM) in the OMBD chamber after calibration.
From the cross-section view SEM images it is clear that the surface of the films is not entirely flat
and present some variation in thickness by as much as ±10 nm. The films appear to grow conforming
the flat surface of the substrate and consists of both columnar and spherical grains. The 50 nm film,
Figure 6.1(d), present slightly small grain size, however the variation is not significant.
Figure 6.1: SEM images of CuPc films deposited at 1.0 Å/s at room temperatures on various
substrates (a) 100 nm on glass, (b) 100 nm on Au/SiNx, (c) 100 nm on SiNx, and (d) 50 nm on SiNx
at 0.2 Å/s. Corresponding cross-section SEM images are shown below each image.
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6.1.2 Crystal Structure
The XRD patterns of the 100 nm thick CuPc film deposited on various substrates are compared,
as shown in Figure 6.2. The background of each substrate has been removed and the patterns are
normalised for presentation purposes. For all the samples, a single peak at 2◊ = 6.85¶ is observed.
This corresponds to di raction from the (100) planes of –-phase CuPc [45]. The –-phase is typical
of phthalocyanines (Pcs) film deposited at low substrate temperature and non-interacting substrates
[20, 30]. Since no other peaks expected to di ract from the –-phase can be observed, the films are
preferentially oriented with the (100) planes parallel to the substrate surface. This implies that the
molecular stacking axis of the CuPc molecules is parallel to the substrate surface, which is preferred in
field e ect transistors (FETs) since it is known to maximise charge transport flow between the source
and drain [19]. The FWHM of the observed intense peak at 2◊ = 6.8¶ is 0.23 ± 0.02¶ for all films,
and using Scherrer grain size analysis of the (100) peak yields a similar average grain size of 36 ± 4
for all the films. For the 50 nm film the XRD scan displays marginally border peak which correlates
with the morphology shown in Figure 6.1(d). This implies that the size of the grains is not limited by
the thickness of the films but possibly by defects and there is no significant change in film crystallinity
when the film thickness is varied between 50 and 100 nm. In addition, the substrate type has no
influence on the morphology or crystal structure when deposited at room temperatures.
Figure 6.2: XRD patterns of 100 nm CuPc films deposited on glass, SiNx and Au substrates. For
presentation purposes the substrates background has been removed and the intensity is normalised to
the peak at 2◊ = 6.85¶. Inset, schematic of molecular packing of –-phase CuPc, showing the (100)
planes parallel to the substrate surface.
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6.1.3 Optical properties
CuPc films of various thicknesses are deposited on transparent glass substrates, for optical spectroscopy
measurements. Figure 6.3, shows the UV-Vis electronic absorption spectra of 10 nm, 20 nm, 30 nm,
50 nm and 100 nm CuPc films. The QCM had previously been calibrated for accurate film thicknesses
as described in section 2.14. The observed spectra show characteristic B-band (Soret) in the near
ultra-violet and Q-band (500 - 850 nm) in the visible region [60, 73]. As expected, according to Beer-
Lambert’s law, the intensity of the peak increases as a function of film thickness, and the integrated
area under the curve in the Q-band shows a linear relationship with increasing nominal film thickness
as shown in the inset in Figure 6.3.
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Figure 6.3: UV-Vis absorption spectra of CuPc films on glass. Inset: QCM monitored thickness
against UV-Vis estimated thickness (integrated area in Q-band between 500 nm and 1100 nm as a
function of film thickness.) and cross-section SEM measured.
6.1.4 CuPc film deposition on FET structures
In order to study and correlate the film morphology, uniformity and roughness to device performance
(presented in chapter 7), CuPc films with nominal thickness of 50 nm at a deposition rate of 0.2 Å/s
are deposited on bottom-gate bottom contact FET structures, containing SiO2 as gate dielectric .
The morphology of the CuPc film is studied by SEM and AFM, as shown in Figure 6.4. The film
appears very dense and uniform with spherical grain morphology [Figure 6.4(a) and (b)] with an RMS
roughness RRMS = 1.29 nm. There is no significant change in the morphology and grain sizes when
the film thickness is varied from 100 nm to 50 nm. However, the film exhibits a slightly narrower
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grain size distribution, with an average apparent size of 35 ± 5nm for the 50 nm film, shown in Figure
6.4(a) and (c). The XRD results shows a single peak at 2◊ = 6.85¶ [Figure 6.2], suggesting films are
preferentially oriented with the (100) planes parallel to the substrate.
Figure 6.4: (a) Top-view, and (b) Cross-section SEM images of CuPc FET with 50nm of CuPc
deposited at RT, (c) Schematic representation of CuPc film in the channel area and molecular projection
along (100) plane parallel to surface and (d) AFM image 2µm x 2µm in channel area of the OFET,
Image roughness rms = 1.29 nm.
From device perspective, it is essential for the organic semiconducting material to have a prefer-
ential orientation where the ﬁ-ﬁú staking direction is aligned with the direction of the charge flow.
The observed orientation in the CuPc films deposited on FET substrate is therefore advantageous in
obtaining high field e ect mobilities [175] [19]. A schematic representation of the molecular projection
along the (100) planes parallel to the surface is shown in Figure 6.4(c). In addition, the film homo-
geneity, crystallinity and grain size can all play an important role towards high performance of the
device.
6.2 E ect of substrate conditions on CuPc film properties
In this section the e ect increasing substrate temperature to 200 ¶C on the properties of CuPc films
deposited using OMBD, is presented for the di erent substrate types studied in section 6.1. We have
shown previously in Chapter 3 and Chapter 4 that the morphology, crystallinity and structural phase
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of CuPc strongly depend on substrate temperature (T sub). At high T sub ( 200 ¶C) and non-interacting
substrates, such as glass, SiNx and ITO, CuPc films contain a mixture of both – and —-phase. Such
films exhibit enhanced electronic absorption properties at lower energy compared to pure –-phase
films. In addition, on interacting substrate (e.g., Au) the –-CuPc with altered molecular orientation
with respect to substrate is obtained.
For all the films in this study films with nominal thickness of 100 nm are deposited at a rate of
1.0 Å/s. A substrate temperature of 200 ¶C is used for CuPc films growth study on ITO, Au, and
FET substrates. For high substrate temperature deposition in OMBD the samples are mounted onto
a substrate holding plate by melting Indium on the back of the substrate, and making sure that the
adhesion between the substrate and holder is strong and homogeneous. The procedure for temperature
calibration and sample mounting is described previously in section 2.5.1.
6.2.1 CuPc films on ITO
Figure 6.5 shows the formation of large crystallite on the surface of the ITO. Nanowires protruding
from the surface are about 100 nm in diameter and 2 - 3µm in length [Figure 6.5 (b)]. The morphology
is very similar to that shown in section 4.1 [Figure 4.1(e)], where CuPc film is grown on ITO substrate
at substrate temperature of ≥195 ¶C using the OVPD method. However, in this case the lateral
dimensions of the nanowires are smaller and the yield is considerably higher (i.e., comparing the
number of nanowires on the substrate surface for the two samples from their SEM images of equal
known magnifications). A reasonable explanation for this morphology di erence is the higher surface
di usivity of CuPc molecules and low deposition rate in OVPD, where an additional growth parameter,
carrier gas flow rate, plays an important role.
Figure 6.5: SEM images of CuPc on transparent ITO substrate at substrate temperature of 200 ¶C
(a) top-view and (b) cross-section view.
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In OMBD the evaporated CuPc molecules travel freely from the source to the substrate and have
less probability of molecular collisions, i.e., higher mean free path compared to OVPD. This may result
in a large number of nucleation sites on the substrate, which, combined with low di usivity on the
surface would promote formation of smaller nanostructures. The size and density of nanostructures
may therefore depend strongly on film deposition rate and substrate temperature but due to time
constraints the relationship was not investigated further for films grown by OMBD.
Structural and optical properties
Figure 6.6 shows the XRD and UV-Vis absorption of CuPc film shown in Figure 6.5. Figure 6.6(a)
clearly shows the ITO peak at 2◊ = 21.4¶ and an intense sharp peak with two shoulder peaks in
the range 2◊ = 6.8¶ - 7.5¶. The intense peak at 6.85¶ corresponds to –-CuPc (100), while the two
low shoulder peaks located at 7.1¶ and 7.4¶ correspond to —-CuPc (001) and –-CuPc (001) planes,
respectively [45] [46]. Results are very similar to those in section 4.1, suggesting that there is phase
transformation tendency from – to — as the substrate temperature is increased. Thus, it is concluded
that the CuPc film deposited at 200 ¶C is a mixture of – and — polymorph CuPc, dominated mainly
by the –-phase. XRD also shows small peak at around 16¶ could be due to di raction (10-2) planes of
–-phase, and interpreted as a consequence of higher disorder, which correlates with the morphological
evidence in Figure 6.5. The UV-Vis absorption spectra shown in Figure 6.6(b) further support this
conclusion, the shape of the Q-band appears slightly broader compared to the film deposited at RT.
A decrease in the relative absorption intensity of the two maxima is also observed.
6.2.2 CuPc film on Au substrate
Here, CuPc films are deposited on glass coated Au substrates, semi-transparent Au coated glass
substrates are used to be able to study the spectroscopic characteristics after deposition CuPc at
di erent substrate temperatures. Initially, CuPc films of 100 nm were deposited on a semi-transparent
Au substrate at RT. The gold substrates were prepared by depositing a 30 nm layer of Au on top of a
3 nm thick chromium adhesion layer using sputtering technique. The substrates are as characterised
previously in section 4.4. As expected, there is no e ect of the gold substrate on the morphology,
crystal structure or absorption properties of CuPc film when deposited at room temperature. The
film properties are retained from section 6.1. Results are shown below in Figure 6.7(a) and (b).
The e ect of substrate temperature on film properties at T sub = 200 ¶C is also investigated, see
Figure 6.8(c-f). The morphology consists of loosely packed nanowires. The obtained morphology is
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Figure 6.6: (a) XRD patterns of CuPc film deposited on ITO and bare ITO substrate at substrate
temperature of 200 ¶C. (b) UV-Vis absorption spectra (Q-band) of CuPc 100 nm deposited at RT and
on ITO at substrate temperature of 200 ¶C.
very similar compared to the morphology obtained for ITO at high T sub [Figure 6.5], the vertical
characteristic of nanowires on Au has become significant, with dimensions ranging from 150 - 200 nm
in diameters and 1 - 2µm in length [Figure 6.8(e)]. Some of these nanowires are merged together along
their length resulting in flat wider morphology [Figure 6.8(f)].
On closer examination and comparing a bare Au substrate, treated in the same thermal conditions,
to the empty spaces between the nanowires. It is observed that there might be a thin continuous
"wetting" layer of CuPc formed on the Au surface. Therefore, from top-view and cross-section SEM
images, three distinct morphologies can be observed (i) the wetting layer, (ii) the nanowires and
(iii) large crystallites lying more parallel to the substrate [encircled in red in Figure 6.7(d)]. Tong
et al. have reported a similar morphology (without the large crystallites) of CuPc when deposition
was carried out on heated substrate (195 ¶C) with a pre-deposited 10nm layer of CuPc onto an ITO
substrate [61]. In other studies, Lee et al. associate the wetting behaviour of Au surface with its high
adsorption ability towards organic compounds [57]. CuPc whiskers are formed on top of the wetting
layer when the strong interaction with the substrate is stabilised by the continuous CuPc film.
Structural and optical properties
Figure 6.8 shows the XRD and UV-Vis absorption of the 100 nm films grown at RT and Tsub = 200
¶C. The substrate background has been removed and the UV-Vis spectra are presented both in real
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Figure 6.7: SEM images of CuPc films deposited on Au substrate at two di erent substrate temper-
atures, top-view (a), and corresponding cross-sections (b) SEM image of CuPc deposited at RT. (c)
CuPc on Au substrate at T sub = 200 ¶C, inset shows SEM image of bare substrate treated at T sub =
200 ¶C. (d) High magnification image of film shown in (c), large crystallites lying close to the surface
are encircled in red, and (e and f) shows the cross-section SEM images of CuPc deposited on Au at
T sub of 200 ¶C.
intensities normalised to the intense peak for presentation purposes. As expected, at RT temperature
the CuPc shows the characteristic –-phase of CuPc. The UV-Vis exhibits two peaks located at around
620 nm and 695 nm [60]. The XRD scan show a single peak at 2◊ = 6.85¶ corresponding to the (100)
planes [45]. In comparison, for the high Tsub sample the intensity of the absorption spectra is less,
well describes the morphological disorder on the substrate. In addition, an unusual behaviour in
the XRD is observed [Figure 7.9(a)], the intensity of the di raction peaks shows a decrease with
increasing Tsub. Since high Tsub causes larger grain size, the results are contrasting to generally
observed phenomena of improved crystallinity with increasing Tsub. This is possibly because of the
loosely packed morphology shown in Figure 6.7(c-f). The XRD pattern is fitted to Lorentzian function
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and peak positions are resolved. The results exhibit two low intensity peaks located at 2◊ = 6.85¶ and
7.4¶, indicate intensities of 100% and 72%, respectively. These are attributed to the –-CuPc (100)
and (001) planes, respectively. The shape of the pattern clearly shows presence of an addition peak
centred at around 7.04¶, which corresponds to the beta (001) [46].
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Figure 6.8: (a) XRD patterns and (b) Normalised UV-Vis absorption spectra of CuPc films deposited
at two substrate temperatures, RT and 200 ¶C.
The UV-Vis absorption spectra of the CuPc films deposited on Au at di erent Tsub shows nearly
identical appearance [Figure 6.8(b)]. The slight flattening of the low energy peak around 700 nm at
high Tsub could be attributed to the intermolecular interactions between the random orientation and
mixed nature of the film. This unusual behaviour in UV-Vis, observed for small number of samples
prepared in similar conditions, requires further study to investigate this in depth.
6.2.3 CuPc on TFT structure
We have shown the e ect of substrate temperature on the CuPc film properties on various substrates.
However, due to the use of dielectric material (e.g., SiO2, SiNx , etc.) in FET structures, it is of great
importance to investigate the influence of increased substrate temperature on growth behaviour of
CuPc on the whole FET structure, including the dielectric region. The 100 nm CuPc film deposited
at RT consists of uniform small crystal grains morphology with an average diameter of about 33 ± 5 nm
[Figure 6.4]. With increase of substrate temperature, the morphology changes dramatically to larger
flat crystallites and low-density nanowires of ≥2 µm length are grown randomly (see Figure 6.9). The
dimensions of the large flat crystallites range from 100 - 200 nm in width and up to 100 nm in thickness
and 200 - 500 nm in length. In addition, there is no apparent di erence between the morphology on
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Au (electrode) and on SiO2 (dielectric). Although larger crystals might be advantageous for transport
in FETs, scarce nucleation, empty gaps and film discontinuities may have a negative e ect on charge
transport properties of OFETs [175].
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Figure 6.9: SEM images of CuPc deposited on FET structures at Tsub = 200 ¶C. (a) Top-view
showing CuPc morphology on Au and SiO2, (b) high magnification image of CuPc on SiO2, (c) Cross-
section SEM image showing the interface between the Au, SiO2 and CuPc and (d) shows the XRD
pattern of the CuPc film.
The orientation of the CuPc in the film is characterised by XRD [Figure 6.8(d)]. A sharp peak
located at 2◊ = 6.85¶ and two shoulders at 7.1¶ and 7.4¶ are observed. The preferred orientation is
dominated by the –-CuPc (100) planes. Since the deposition rate is kept constant (1.0 Å/s) for all
the films deposited at Tsub of 200 ¶C, the morphological distinction between CuPc films on Glass,
ITO and FET substrates can be associated with di erences in surface energy and surface di usion
properties of the substrate type.
6.3 Controlling molecular orientation of CuPc films on top of CuPc
film
In this section we demonstrate that oriented seed films of CuPc (OVPD grown) can be used to
control the molecular orientation of CuPc films subsequently deposited using OMBD. Previous chapters
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have shown that films grown by OVPD can be classified in two categories: (i) molecules standing
on amorphous non-interacting substrates and at low substrate temperatures, and (ii) "lying" down
orientation on polycrystalline Au. In both cases, the films consist of –-phase CuPc crystal structure.
Case (ii) has previously been obtained using templating of the films by a layer of PTCDA [49, 67, 176]
, and used to improve the e ciency in CuPc-based solar cells [66, 82], but issues with the energy levels
of PTCDA were detrimental to the open-circuit voltage. Therefore, strategies to modify molecular
orientation using other underlying layers are explored here.
6.3.1 CuPc seed film
CuPc film (henceforth identified as seed layer) was deposited using OVPD on top of a polycrystalline
Au substrate at substrate temperature of 260 ¶C for 40 mins, described previously in section 4.3.3.
The morphology of film is characterised by layer of interconnected crystallites. The film appears
uniform with apparent height of approximately 150 nm [ Figure 2.16(i) is repeated in Figure 6.10 for
comparison]. The crystallites are cylindrical rod-like in shape with an average diameter of nearly 100
nm and are as long as the thickness of the film as shown in Figure 6.10(b). XRD results show a single
peak at 2◊ = 27.6 ± 0.1¶ [Figure 6.11]. Which corresponds to di raction from the (11-2) planes of the
–-phase of CuPc 2. The film is highly crystalline and textured along the (11-2) plane. The FWHM of
this peak for the nearly 150 nm film is ≥ 0.16¶ which corresponds to Scherrer size of 55 ± 5 nm. This
shows that the each crystallite is made up of relatively few grains, which will promote e cient exciton
di usion and charge transport in the direction normal to film plane. The molecular projection along
the (11-2) plane is shown in Figure 6.11. The XRD results are in great agreement to that reported by
Mauthoor, for PTCDA templated CuPc films grown by OMBD [49].
6.3.2 CuPc Seed / CuPc film
A first CuPc film deposited using OVPD on top of a polycrystalline Au substrate at substrate tem-
perature of 260 ¶C for 40 mins, described previously in section 4.3 is used as a "seed layer" for further
deposition in di erent conditions. When a CuPc film of 100 nm is deposited at RT at deposition rate
of 1.0 Å/s on top of the seed layer [Figure 6.10(c-d)] by OMBD, the morphology is essentially identical.
However, the size of the crystallites appears to have become larger at top of the crystallites and take
a pear-like shape [Figure 6.10(d)]. Such e ects can be minimised by controlling the deposition rate
of the subsequent layers. The voids between crystallites also appear to have shrunk in size and film
thickness increased [Figure 6.10(c-d)]. Having said that, the film thickness is only increased by 80 -
90 nm, compared to 100 nm increase as expected. This is possibly due to reason that a small amount
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of arriving CuPc molecules land directly into voids before building up on top of the seed crystallites
in Figure 6.10(a-b).
Si 100 nm CuPc (OMBD)~150 nm CuPc (OVPD)50 nm (Au)
(b)(a)
Figure 6.10: SEM images of CuPc deposited on CuPc seed layer. (a) SEM image of CuPc film (seed
layer) deposited using OVPD, as in section 4.3.3, (b) Cross-section SEM image of the same film, where
film thickness is ≥ 150 nm. CuPc bilayer, (c) top view and (d) cross-section SEM images after OMBD
deposition of 100 nm CuPc on top of CuPc seed layer.
Figure 6.11 compares the XRD pattern of the 100 nm CuPc deposited at RT temperature, CuPc
seed layer (OVPD grown) and bilayer. The gold substrate background has been removed and patterns
are o set in y-axis, the intensity of the seed layer and bilayer are multiplied by 0.2 and 0.1, respectively
for presentation purposes. Each pattern is fitted using a single peak Lorentzian fitting. For all the
films, a single peak is observed, thus highly textured with specific orientation. For the 100 nm OMBD
film the characteristic –-phase (100) orientation is observed at 2◊ = 6.85¶. Interestingly, for the bilayer
film the Xrd peak for the as-deposited single layer has disappeared and replaced by another single peak
as observed for the seed film, suggesting that subsequent CuPc layers deposited by OMBD adopt same
molecular orientation as that of the seed layer [Figure 6.11]. This behaviour is known to be caused
by strong intermolecular forces that exists between the CuPc molecules [67]. The XRD exhibits an
increase in intensity at 2◊ = 27.6 ± 0.1¶, indicating increase in crystallinity and better ordering within
the film. The single peak due to the (11-2) planes suggests that the film is highly textured and the
molecules are laying down almost parallel to the substrate surface.
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Figure 6.11: XRD patterns of CuPc single layer (OMBD), Seed layer (OVPD) and bilayer
(OVPD/OMBD). Inset shows molecular projection along the (100) and (11-2) planes. The solid lines
represent Lorentzian fitting of the corresponding patterns.
For the OMBD films growth on planar substrate (without the seed layer) the nucleation sites are
distributed with no specific arrangement on the surface [Figure 6.1]. By seeding the substrate before
film deposition, a particular morphology on predefined nucleation sites can be obtained as shown in
Figure 6.10 (c-d) and (b). This approach can prove to be useful when pursuing CuPc based bulk
heterojunction OPV fabrication for two reasons, (1) this can provide morphology control for highly
interpenetrating donor/acceptor structures and (2) the CuPc molecules are preferentially oriented with
enhanced overlap of the ﬁ-orbitals in the direction perpendicular to the electrode, thus encouraging
charge transport normal to the film plane.
Summary
The high vacuum environment of OMBD has been used to study the influence of substrate temperature
and type on the morphology, structural and optical properties of CuPc thin films. Films deposited
at room temperature present similar results and show no influence of the substrate type used. The
films are characterised by spherical grain morphology, and the film thickness between 50 nm to 100
nm shows no significant e ect on the size of these grains. XRD and UV-Vis absorption results show
that the CuPc films deposited at RT adopt the –-phase crystal structure. The as-deposited films are
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preferentially oriented with the (100) planes parallel to the substrate, where the molecules crystallise
in perpendicular arrangement with stacking direction (b-axis) lying parallel to the substrate surface.
The influence of substrate temperature on the film properties is also investigated. By elevating
the substrate temperature during the CuPc film deposition, a change in the film properties is ob-
served. SEM reveals that the crystallite sizes increase with increasing T sub, due to pronounced surface
di usion. XRD exhibits sharpening of the peak and an increase in the reflection intensity at 6.85¶
suggesting enhanced crystallinity and larger grain size with increasing Tsub. For all the films deposited
at increased Tsub the preferred orientation is dominated by the – (100) orientation. The patterns also
reveal additional shoulder peaks towards high 2◊ at 7.04¶ and 7.37¶, corresponding to beta (001) and
alpha (001), planes respectively. Furthermore, the absorption spectra present a change in the shape of
the Q-band. Together with the XRD results, such change in the Q-band can be attributed to a phase
transformation of a small part of the film to —-phase. The distinct variations in CuPc film properties
with increasing T sub demonstrate the same tendency as in the films, deposited by OVPD in similar
substrate temperature range.
In the case of the bilayer films, where CuPc film is deposited on top of a CuPc seed layer (grown
by OVPD on Au), the molecules adopt the same molecular orientation as that of the seed layer, while
retaining the crystal structure of the –-phase. Here, the molecular stacking direction is perpendicular
to the substrate. This is due to strong intermolecular forces between the molecules in the first and
second layers. The orientation in the films deposited on top of the seed layer enhances the overlap in the
ﬁ-orbital in the direction out of the film plane. This has the potential to be used in applications where
the charge/exciton transport is required in direction normal to the substrate, i.e., OPVs, OLEDs, etc.
In addition to all of the above, we have successfully shown how the two di erent deposition
techniques (OVPD and OMBD) can be brought together to tailor films and nanostructures. This
opens new avenue of research in thin film growth as and organic device fabrications.
Chapter 7
CuPc Field E ect Transistors (FETs)
This chapter covers unipolar p-type transistors with Copper Phthalocyanine (CuPc) as active materi-
als, in the form of thin films and nanowires (NWs). The properties of CuPc thin films and nanowires
on transistor substrates in range of conditions, using OMBD and OVPD, are investigated in greater
detail and presented in chapters 4-6 of this thesis. In here, the morphology, crystallinity and struc-
ture of CuPc films and NWs are related to the device behaviour of corresponding CuPc based FETs.
In section 7.1, the characteristics of OMBD fabricated CuPc-FETs are investigated. In sections
7.2 and 7.3 we present the electrical properties of OVPD fabricated FET devices with thin films and
nanowires, respectively.
Experimental
The experimental work reported in this chapter concern with the characterisation of CuPc material
in the bottom gate - bottom contact OFETs structures. The benefit of using bottom-gate, bottom-
contact structures is that the deposited of organic materials is the last step of device fabrication. The
final OFET consists of OMBD, OVPD films and OVPD grown CuPc nanowires. Figure 7.1 shows
schematic diagrams of FET devices with common bottom gate, channel width (W = 500 µm) and
di erent channel lengths (L = 5, 10, 15, 20, 25 and 50 µm).
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Figure 7.1: Sketch of OFET structures substrates (a) top-view where devices of di erent channel
lengths L (i) 5, (ii) 10, (iii) 15, (iv) 20, (v) 25, and (vi) 50 µm, channel width W of 500 µm and common
gate doped Si <100> have been used to deposited CuPc using OMBD and OVPD techniques. (b) A
schematic diagram showing a cross-section view example of OMBD grown CuPc film on the structure
shown in (a).
The templates for these FET devices [Figure 7.1(a)] are developed by James Stott at University
College London (UCL) 1 and used as part of close collaborative work at London Centre for Nanotech-
nology (LCN). A p+ (Boron) doped silicon wafer with resistivity of ≥ 0.01 -0.02  -cm, purchased from
Pi-Kem Ltd 2, is used as gated substrate. A dielectric layer consisting of either silicon dioxide, SiO2
(≥ 300 nm ) or silicon nitride SiNx (≥ 220 nm) layers are grown via thermal oxidation or PECVD
technique, respectively. For the SiNx dielectric layer the N/Si ratio is varied, corresponding to decrease
in N/Si ratio range between 1.7 and 1.4. The capacitance of SiNx and SiOx dielectric is measured to
be ƒ 16.0 and 15.2 nF/cm2, respectively . The source and drain electrodes containing Ti/Au contacts
are deposited by a shadow mask using e-Beam evaporator in a vacuum of the order of 1 ◊ 10≠6 mbar.
1 By James Stott, a colleague in Arokia’s group in the London Centre for Nanotechnology
2 Pi-Kem Ltd, United Kingdom, www.pi-kem.co.uk
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The Ti and Au layers are of ≥1 nm (0.01 nm/s) and 40 nm (0.02 nm/s) respectively. A detailed study
on fabrication and characterisation of these substrates can be found in [177].
7.1 CuPc Films Transistors using OMBD
For the characteristics of organic field-e ect transistors the morphology of the organic semiconducting
material is very important. In order to understand and improve the device performance it is necessary
to study the morphology first. The CuPc based OFET devices studied in this work consists of bottom-
gate bottom-contact structures, SiO2 (≥ 300 nm) and SiNx (≥ 220 nm) gate dielectric and 50 nm CuPc
film, shown in Figure 7.1. The CuPc film is grown directly on the device substrate in high vacuum
and at room temperature using OMBD. The morphology, crystal structure and optical properties of
the CuPc films are investigated in detailed and given in section 6.1 of this thesis. Independent of
gate dielectric type, AFM, SEM and XRD measurements show that the films are polycrystalline with
spherical grain morphology. The surface of the film is very smooth (roughness RRMS = 1.29 nm) and
regularly patterned with an average apparent size of 35 ± 5 nm. From XRD scans a clear single peak
at ◊ = 6.85¶ is observed which corresponds to di raction from (100) planes of an –-CuPc [45].
Typically, in polycrystalline organic materials the charge carrier transport is largely influenced
by the grain boundaries [35, 178]. Films containing larger crystallites and few grains, desirable for
high performance, can be obtained by elevating the substrate temperature during deposition (see
chapters 3-6 for e ect of substrate temperature). However, due to insu cient device data available,
a comparison between OFETs fabricated at di erent substrate temperature for OMBD will not be
discussed further.
7.1.1 Transistor I-V measurements
The I-V characteristics, i.e., output and transfer curves for a thin-film transistor with a 50 nm CuPc
layer, 300 nm SiO2 gate dielectric (device channel length = 50 µm, and width = 500 µm) are shown
in Figure 7.2. The output characteristics plotted in Figure 7.2(a) shows the drain current, IDS , as
function of source-drain voltage, VDS , for di erent voltages of gate, VGS . The device displays an
excellent transistor behaviour in both linear and saturation regions as shown in Figure 7.2. A notable
increase in IDS values is observed for increasing negative voltage on the gate (VGS , whereas for positive
gate bias the current remains extremely low and comparable to the noise in current measurement of
the device. From the characteristics given in Figure 7.2, it is clear that the as deposited film of CuPc
performs in an enhancement mode p-type and the FET devices behaves in an accumulation mode [1].
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Figure 7.2: I-V characteristics, (a) Output and transfer curves for CuPc-based OTF operated in (b)
linear and (c) saturation regimes using a 300 nm SiO2 as the gate dielectric. Forward and reverse
voltage scans are shown for transfer sets of data on logarithmic scale of drain-current IDS vs. gate-
voltage VG. CuPc thickness = 50 nm and device channel length and width are 50 µm and 500 µm,
respectively.
The transfer characteristics of the device in both linear and saturation regions are given for VD
= -5 V and -40 V, as shown in Figure 7.2 (b) and (c), respectively. The transfer plots are displayed
in the form both Log(IDS) vs. VGS and (IDS)1/2 vs. VGS . Generally, the performance of OFET
devices is assessed by measuring the physical parameters, i.e., µ, Vth and on/o  ratios. Due to the
low ohmic current at VG = 0 V (≥ 10≠13 - 10≠11 A), a plot of Ô IDS vs. VG on linear scale is used
to obtain threshold voltage Vth, by extrapolating to VG axis on transfer curve plot. The slope of the
transfer plot on linear scale, for both linear and saturation regions, is directly related to the mobilities
of charge carriers in a device [1]. For the drain-source current characteristics given in Figure 7.2(a),
almost identical values were obtained in both linear and saturation region, as shown in Figure 7.3(b).
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The mobility, µ, threshold voltage, Vth, sub-threshold voltage, hysteresis and on/o  ratio for this
particular device are ≥ 1.5 ◊ 10≠3 cm2/Vs, -20.3 V, 3.5 V/decade, 3.2 V and 1.8 ◊ 105, respectively.
The field-e ect mobility, µsat, is estimated in the saturation regime (VD = -40 V) of the device, using
square-law Equation 1.3. The presence of hysteresis between forward and backward sweeping of VG
for IDS is indicative of charge carrier traps near the dielectric/semiconductor interface [1]. In order to
gain more insight into the OFETs performance, devices with di erent channel length, L, ranging from
5 to 50 µm are also examined. The µsat and Vth values are obtained from the transfer characteristics
just as before. The channel length dependencies are shown in Figure 7.3.
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Figure 7.3: I-V characteristics dependencies on the device channel lengths, (a) mobility, µsat (b)
threshold voltage, Vth and (c) drain-current, IDS on/o  ratio in saturation. The error bars reflect the
standard error of the mean.
For all the devices the value of the mobilities extracted from the linear region (VDS = -5 V) show
a slightly lower value than the mobilities calculated from the saturation region (VDS = -40 V) [Figure
7.3(a)]. This variation, µFE < µsat, implies that the charge carrier mobility is VDS dependent [100].
The mobility variation is more pronounced in the shorter channel length device, L = 5 µm which is
likely due to channel length modulation, normally observed in short channel MOSFET devices [1]. For
shorter channel MOSFETs other well known short channel e ects (i.e., drain-induced barrier lowering)
are the variations in the on/o  currents and threshold voltage with variation in channel length. A
variation in the Vth and on/o  currents as function of variation in L is also shown in Figure 7.3(b) and
(c). The Vth were determined from transfer plots, in saturation region, of devices with varying channel
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length and same VD. A mean Vth change of 4.2 V is observed (-20.3 V≥ -16.1 V) for varying channel
lengths between 50 to 5 µm at VD = -40 V. Similarly, for the on/o  current ratios a decrease with
increasing channel length is observed, this is due to the resistance-channel length inverse proportional
relationship. In other words, in short channel length devices the holes (h+) travel a short distance
from source to the drain, they experience less scattering in the CuPc film and result in increased IDS .
Dielectric e ect
The e ect of SiNx as gate dielectric on the device characteristics is also investigated. An array of
devices consist of 50 nm of CuPc film, di erent channel lengths ranging from 5 to 50 µm and SiNx
with varying [N]/[Si] ratios. SiNx is investigated because of its high dielectric constant and low
temperature processing properties, hence technological relevance for developing applications of plastic
electronics [147, 148].
We analysed and extracted µsat and Vth values from the I-V characteristics slopes as before. The
dependence of physical parameters on channel length, dielectric type and silicon ratios in the case
of SiNx are summarised in Figure 7.4. As shown in Figure 7.4(a), the variation in µ, which ranges
approximately from 0.1 ◊ 10≠3 to 2.4 ◊ 10≠3 cm2 / V s, well describes the dielectric type dependent
device performance. An average increase is observed in the mobilities of devices with increase in silicon
concentration or decrease in the nitride ratio for the SiNx based devices [table 7.1. This improved
performance behaviour of devices with di erent SiNx composition can be attributed to the charge
trapping and storage capacity of the silicon-rich silicon nitride based transistors. Recent report, by
Nguyen et al., describes similar results with improved performance of nonvolatile memory (NVM)
devices when silicon-rich nitride is employed [179]. A dependence of the channel length L is also
seen for the variations in hysteresis and threshold voltages Vth as shown in Figure 7.3(b) and (c)
respectively. A similar trend is observed for all the devices corresponding to the channel length and
gate dielectric, except for the transistors with high ratio of nitride in the gate dielectric resulting in
e ectively poor performance.
The results obtained in here are encouraging and compare favourably (in most cases) with other
reported data for CuPc deposited on SiO2 at RT (≥1x10≠4 -≥5x10≠3 )[35, 100, 175, 180–182]. Previous
reported studies by Bao et al. suggests that the device performance can be improved by patterning
the film deposition onto channel area, changing the morphology and increasing the materials purity
[35]. Further work is need to investigate the e ect of these variables.
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Figure 7.4: E ect of di erent channel length L and gate dielectric layer type on CuPc FET devices.
(a) Saturated field-e ect mobility µ, (b) hysteresis, and (c) threshold Vth voltages as a function of the
channel length and dielectric type.
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Table 7.1: Mean values and corresponding standard deviations of field-e ect mobilities, threshold
and hysteresis voltages of CuPc films FETs deposited at RT on di erent substrate dielectrics.
Substrate Mobility, µ Threshold Hysteresis
Dielectric cm2/Vs Vth, (V) (V)
Type Mean SD Mean SD Mean SD
SiNx [N]/[Si] = 1.73 1.9E-04 1.7E-04 -20.1 18.6 1.3 2.8
SiNx [N]/[Si] = 1.61 4.8E-04 6.4E-05 -25.8 0.7 6.6 1.3
SiNx [N]/[Si] = 1.52 1.5E-03 3.2E-04 -23.7 0.7 6.7 1.0
SiNx [N]/[Si] = 1.40 2.0E-03 2.0E-04 -23.6 0.9 3.8 0.8
SiO2 1.3E-03 2.3E-04 -17.3 1.7 4.8 0.9
SD = Standard deviation
7.2 CuPc Thin-Film Transistors using OVPD
In this section, organic vapour phase deposition (OVPD) is used to grow polycrystalline copper ph-
thalocyanine (CuPc) at di erent substrate temperature, T sub, during deposition. Growth conditions
are kept exactly the same as earlier in Chapter 4. The substrate temperature is used to vary the
crystallinity and grain sizes of CuPc films on untreated SiO2 and SiNx gate dielectric FET device sub-
strates. Results shows significant improvement in field-e ect-transistor performance when compared
to CuPc based FETs fabricated at room temperature using OMBD in section 7.1. The saturation
regime mobilities, µsat, vary from 0.6 ◊ 10≠3 cm2/Vs for T sub = 85 ¶C to 7.6 ◊ 10≠3 cm2/Vs for
T sub of 350 ¶C during deposition. This improvement of the hole mobilities is due to large grain size
morphology and enhanced crystallinity.
7.2.1 Influence of growth conditions
Figure 7.5 shows SEM images of CuPc films grown on SiO2 at di erent substrate temperatures, T sub,
during deposition. Figures 7.5(a) to (d) show a progressive increase in CuPc grain size on SiO2
from about 50 nm (T sub = RT) to ≥10 µm (T sub =350 ¶C). The CuPc film thickness vary between
≥40 nm (T sub = RT), ≥50 nm (T sub = 85 ¶C), ≥120 nm (T sub = 200 ¶C) and 0.2 - 1µm for films
deposited at T sub = 350 ¶C. The di erences in film thickness is due to di erent source-to-substrate
distances, corresponding to the di erent substrate temperatures. FET substrates containing SiNx
([N]/[Si] = 1.52) as dielectric layer are also deposited in same deposition run, both kind of substrate
were placed side-by-side to obtained same growth conditions. Although the film properties vary with
substrate temperature, SEM and XRD analysis shows that film morphology, thickness and crystallinity
is independent of gate dielectric type used. A detailed study of CuPc films dependence on substrate
type and growth conditions using OVPD is given in Chapter 4.
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Figure 7.5: SEM images of CuPc thin films deposited by OVPD on SiO2 in standard growth condi-
tions. Top view and cross section images of CuPc FETs are given for di erent substrate temperatures,
T sub, (a) RT, (b) 85 ¶C, (c) 200 ¶C and (d) 350 ¶C.
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7.2.2 I - V characterisation
Figure 7.6 plots the drain-source current, IDS , vs. the gate-source voltage, VGS , and
Ô IDS vs. VGS
for FETs at di erent substrate temperature with SiO2 as gate dielectric, channel lengths of 50 µ. The
transfer characteristics for devices were obtained by scanning the gate voltage from +10V to -40 V in
the forward and reverse direction. The I-V characteristics of these devices are found to be strongly
dependent on the film morphology and crystallinity, which varies with substrate temperature, T sub.
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Figure 7.6: Transfer plots of OVPD CuPc FETs using SiO2 as gate dielectric, channel width = 500
µm, length = 50 µm and various substrate temperatures, T sub, (a) RT, (b) 85 ¶C, (c) 200 ¶C and (d)
350 ¶C.
When deposited at room temperature the device didn’t not show any transistor behaviour as
shown in Figure 7.6(a), which is expected for films having no continuity, Figure 7.5(a), in the channel
region for charge transport to take place. However, the devices shows very good transistor behaviour
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at increased T sub. Improvement in mobilities with high on/o  ratios (≥106) are obtained. Table
7.2 summarises the saturation region mobilities, µsat, threshold voltage, Vth and hysteresis values
at di erent T sub extracted from devices with channel lengths of 10, 20, 25 and 50 µm. Very low
dependence of I-V characteristics on type of gate-dielectric was found. At T sub from 85 ¶C to 350 ¶C,
the field-e ect mobility of the CuPc-FETs are found to in the range 0.6 and 7.6 ◊ 10≠3 cm2/Vs which
is the highest µsat obtained for CuPc thin film transistors reported in this study so far.
A similar dependence on the substrate temperature is also observed for the variations in hysteresis
and threshold, Vth, voltages. In this case, however, the minimum average values were obtained for
the 200 ¶C (see Table 7.3), implying that the substrate temperature dependent performance is not
the only dominant factor, but that the film thickness also has an influence on the performance and
determination of the extrapolated Vth values. It would be of value to test this theory by growing
CuPc film at 350 ¶C for shorter growth time in order to maintain the high crystallinity, but also
obtain thinner film. The source-drain current IDS at gate-voltage VGS = -40 V is increased with
increasing T sub of the substrate, Figure 7.6, while the mobility increases with decrease in channel
length [Table 7.2]. This behaviour is due to the dense packing of CuPc crystallites in the channel area
as shown Figure 7.5. The enhanced physical contact between the CuPc crystallites and source-drain
electrodes generally improves the electrical conductivity of the channel during charge build-up in the
"on" state.
Table 7.2: Parameters of CuPc thin-film transistors with SiO2 and SiNx gate dielectrics at various
substrate temperatures. Channel length is varied from 10 to 50 µm and width kept constant at 500
µm.
Channel Temperature SiO2 SiNx
Length ¶C 85 200 350 85 200 350
Mobility (◊10≠3 cm2/Vs) 0.6 5.3 7.6 0.90 1.7 6.0
10 µm Threshold Voltage (V) -15.3 -9.9 -11.7 -16.7 -14.4 -14.5
Hysteresis (V) 10.5 2.6 3.5 9.5 5.4 4.0
Mobility (◊10≠3 cm2/Vs) 0.7 4.1 6.5 - 1.4 5.9
20 µm Threshold Voltage (V) -20.2 -11.9 -16.0 - -19.6 -17.5
Hysteresis (V) 6.5 1.5 2.4 - 2.7 3.2
Mobility (◊10≠3 cm2/Vs) 0.5 3.8 5.8 - 1.3 5.9
25 µm Threshold Voltage (V) -20.2 -11.8 -14.5 - -19.5 -16.9
Hysteresis (V) 6.3 1.5 2.6 - 2.6 3.4
Mobility (◊10≠3 cm2/Vs) 0.7 3.0 5.5 1.9 0.9 6.2
50 µm Threshold Voltage (V) -19.7 -11.7 -13.2 -21.5 -20.1 -17.9
Hysteresis (V) 5.1 1.3 2.9 5.1 2.1 3.3
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The significant di erences in µsat at di erent T sub are attributed to the changes in the morphology
and crystalline order of these films. Through XRD analysis given [Figure 4.6], it is found that the
structural order of as-deposited thin films of CuPc, on both SiO2 and SiNx, greatly depends on
substrate temperature during deposition. At RT the film does not show any di raction peaks, but
since the grains are spread quite thinly over the substrate, Figure 7.5(a), it is not known if the weak
XRD signal was due to the scarcity or the amorphous nature of the film. At T sub = 85 ¶C, a single
peak, corresponding to the –-phase [45], di racting from the (100) planes is observed. As the T sub
increases to 200 ¶C, di raction from the (100) plane becomes much more intense, suggesting improved
molecular order and crystallinity present in the films. For the highest T sub films the —-phase of CuPc
with dominated di raction from the (001) plane is observed (see section 4.2 for more details).
The dominant molecular orientation observed in these films corresponds with edge-on arrangement
of CuPc molecules on the gate dielectric surface. This packing of the CuPc molecules enhances the
ﬁ-orbital overlap in the plane of the film, consequently facilitating charge transfer parallel to the film
plane, which in the case of FETs is aligned with direction of current flow from source to drain in FET
structures. In phthalocyanines (Pcs) and other polycrystalline organic materials the charge transport
mechanism is supported by a charge hopping process at room temperature [178]. The morphology of
the films can significantly influence the charge carrier mobilities [35, 178]. In our case, the increase in
carrier mobilities with increasing T sub can thus be attributed to the improved morphology and grain
boundaries. These findings are in agreement with those reported in literature for carrier mobilities on
morphology [18, 19, 35, 175].
7.3 CuPc Nanowire Transistors using OVPD
Previously, in chapter 5 we have shown that CuPc in form of nanowires (NWs) can be grown using
OVPD. The NWs are understood to form through self-assembly of CuPc molecules due to strong
ﬁ-ﬁ interactions [183, 184]. NWs are believed to have enhanced charge carrier mobilities due to the
strong interactions that exists between the packed molecules and are therefore preferred for field-e ect
transistors [104, 105, 158, 162, 185]. Control over the growth of organic semiconducting materials in
the form of nanowires or one-dimensional (1D) nanostructures has been considered essential to meet
the technological demand of fabricating practical devices with high performance.
From sections 7.1 and 7.2, it is clear that the I-V characteristics of CuPc-FET devices greatly
depends on the morphology and crystallinity of the films. Ultimate control of both morphology and
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structural order still remains a major challenge [14]. Inevitably, in organic thin films for transistors
there remains high disorder and grain boundaries, which e ectively reduces the mobility of the material
[6]. Di erently, organic single crystals or nanowires are reported to have superior performance[151],
since these are largely free of grain boundaries or molecular disorder [166].
CuPc NWs have been successfully incorporated as the semiconducting material in field-e ect tran-
sistors (FETs). Preliminary results of transistors fabricated with a network of CuPc nanowires demon-
strate low threshold voltages (<-3 V) and high current on/o  ratios (≥105 - 106). While the mobilities
of these devices both in linear and saturation region could reach ≥4 ◊ 10≠3 cm2/Vs. It should be
noted that these mobilities µ are estimates only, since for the calculations, the W/L was defined as the
full with of the device (50 µm) which is far greater than the actual of with of NWs forming the chan-
nel. The results from this study shows the prospect of using OVPD grown, nanostructured organic
materials for applications in low-cost, flexible electronic applications.
7.3.1 Influence of growth conditions
CuPc NWs were grown directly onto an array of pre-patterned TFT substrate, using in-situ approach
described previously in section 5.3. The substrate was mounted onto a glass shelve that suspend in the
OVPD chamber to channel the vapour phase flow and promote wires growth across the source-drain
electrodes. A high density of CuPc NWs was obtained on the substrates. However, the alignment
and nucleation regions of these wires are observed to be completely random resulting in network of
nanowires overlapping one another. Further work is still needed to improve the directionality and
integration of NWs. Figure 7.7 shows SEM images of CuPc NWs transistors fabricated at room
temperature on an array of devices spread on a chip. The chip consists of Si/SiO2 substrate with
pre-patterned source-drain electrodes having channel lengths from 5 µm to 50 µm and same channel
width of 500 µm. The images are arranged as devices are found on the chip, [Figure 7.2(a)]. It is
evident that CuPc NWs growth is significantly varied between neighbouring devices [highlighted in
bottom row of Figure 7.7]. At first sight, three kinds of transistors can be observe: devices with (i) no
or very little coverage of CuPc, (ii) low coverage of channel in some parts and (iii) a dense network
of CuPc NWs covering large part of devices. Representative SEM images of such device are shown in
Figure 7.8.
Every device shown in Figure 7.7 has been characterised in greater detailed, by I-V measurements,
SEM and Image Analysis. A summary of all devices fabricated on a single chip [ With help from James
Stott on electrical measurements and characterisation] is presented in Appendix B. In this work we will
concentrate on describing a small number of devices, highlighted in the bottom row of images shown
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Figure 7.8: SEM images of CuPc NWs fabricated field-e ect transistors. Devices were mainly classi-
fied into three distinctive groups, (a) Device ’X’ showing very little NWs coverage, (b) Device ’Y’ with
low coverage, and (c) Device ’Z’ where a dense network of CuPc NWs covering large part of channel,
are observed. Panel on right shows di erent regions of transistor device shown in (c)
in Figure 7.7. These devices were selected for two reasons. Firstly they bear resemblance to the three
type of devices on chip. Secondly, these have same channel lengths to compare their performance.
7.3.2 I - V characterisation
Figure 7.9 show the output and transfer characteristics for the three devices shown in Figure 7.8. The
output characteristics plotted in Figures 7.9 (a), (c) and (e) reveal the drain current, ID, as a function
of source-drain voltage, VD (1 V to -10 V), for di erent values of gate voltage, VG (0 to -10 V with
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step = -1 V). The transfer characteristics, Figures 7.9 (b), (d) and (f), are measured at VD = -10 V.
Plots are given in the form of both log(ID) vs. VG and
Ô ID against VG between ± 10 V.
The devices show excellent transistor behaviour in both linear and saturation regions except for
the fact that there is apparent variation in the ID values in the saturation region if we compare them
at constant VD and VG; the output ID, Figure 7.9, is at highest value for device ’Y’, and that of the
device ’X’ is significantly lower, well describe the NWs density dependent device’s performance. The
lower ID values of the dense NWs transistor device (Device ’Z’) compared to the less dense device
(Device ’Y’) can be explained by the random amalgamation and/or overlapping of nanowires across
the channel area [Figure 7.8(c)]. The random overlapping or intermixing of the dense network NWs
are comparable with grain boundaries that exists in thin-film transistors, and it is no surprise that
the ID of the dense NWs device is reduced. Nevertheless, the devices perform reasonably well, and at
low voltages (<10 V), compared to that found for the CuPc thin-film transistors in sections 7.1 and
7.2. The threshold voltage, Vth, sub-threshold slope, and on/o  ratios of these devices are extracted
from the transfer plots, [Figures 7.9(b), (c) and (d)], and the field-e ect mobilities, µsat, are estimated
using Equation 1.3. Results are summarised in Table 7.3.
Table 7.3: Nanowire field e ect transistor parameter summary showing individual devices ’X’, ’Y’
and ’Z’
Device Threshold Mobility,µsat Hysteresis On/O  ratio Sub-threshold
label Vth, (V) ◊ 10≠3 cm2/Vs (V) V/decade
’X’ -3.3 0.8 -0.1 2.7◊104 -0.51
’Y’ -2.4 1.7 -0.2 7.1◊104 -0.75
’Z’ -2.3 1.4 -0.2 4.5◊104 -1.6
Similar device characteristics and performance is shown by device ’Y’ and ’Z’ [Figures 7.9(c) and
(e)]. The Vth voltages, field-e ect mobility and on/o  ratios are very similar. The field e ect mobilities
estimated to be 1.7 and 1.4 ◊ 10≠3 cm2/Vs for device ’Y’ and ’Z’, respectively. On the other hand
device ’X’, with very low density of NWs, show a significant decrease in µ, well describes the NWs
channel dependent device performance predicted from the ID - VD profiles. A significant di erence
is noticed when considering the transfer characteristics of device ’Z’ with those of devices ’X’ and
’Y’ [Figure 7.9(e-f)]. The turn-on region is far more gentle than for the other devices, this could be
due to the nature of the network of NWs overlapping, it is very likely that a proportion of the dense
network, [Figure7.8(c)], connecting the source and drain contact is not in direct contact with the gate
dielectric (SiO2) surface. Empty regions or gaps between the organic material and the gate dielectric
can potentially a ect the capacitance and have greater impact on the device’s performance. This has
been demonstrated in greater in James Stott thesis [177].
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Figure 7.9: I-V characteristics of CuPc nanowires grown on Si/SiO2 substrate on devices with channel
length of 20 µm, channel width = 500 µm and SiO2 = 300 nm. (a, c, & e)Output and (b, d, & f)
transfer characteristics. The corresponding SEM images are shown in Figure 7.8. [(a & b) = X, (c &
d) = Y, and (e & f) = Z]
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Overall, the I-V characteristics of these NWs transistors are promising. The low turn-on, small
sub-threshold voltages and high on/o  ratios obtained for these transistors compare very favourably
with other recently published data [104, 106, 162]. Except for the fact that reported mobilities are
two orders of magnitude higher, such as those demonstrated by Tang and Xiao et al.. Tang et al.
reports fabrication of bottom-gate, top-contact transistors with single ribbons of —-phase CuPc grown
on Si/SiO2 substrate, using physical vapour transport. The reported mobilities are in the range of 0.1
to 0.2 cm2/Vs with corresponding threshold voltages between -2.4 V and -2.9 V, respectively [104].
Similarly, Xiao et al. demonstrated fabrication of CuPc nanowire transistors with –-CuPc nanowires
with charge carrier mobility of 0.4 cm2/Vs [106]. It is worth mentioning that the highest mobilities
reported for nanowire transistors in these reports are generally based on employment of a single ribbon
or nanowire in the channel area and required exhaustive post-growth processing.
It is of great importance to emphasise that for the mobility calculations, the W/L was used as the
width of the pre-pattern structures (500 µm) and the length across the source-drain electrodes. In
reality, the average W/L of these NWs, forming active channel on transistor devices is only a fraction
of the total 500 µm width. If, for example, the true channel width is 10% of the total 500 µm for
device ’Y’ (7.3) the mobility of the device will be one order of magnitude higher (1.7 ◊ 10≠3 cm2/Vs)
than what has been given in Table 7.3. Further work is being carried out to estimate channel widths
accurately and obtain the true mobilities of these devices [177].
7.4 Morphology and transport properties correlation
In sections above, we found a strong correlation of the electrical transport properties and the film and
nanostructures morphologies for devices grown under di erent deposition conditions. The field-e ect
mobility µ, threshold voltage Vth and hysteresis values for number of devices have been calculated
using equation 1.3. The results show that the performance of these OFETs greatly depends on the
morphology, crystallinity and molecular order in CuPc films and 1D nanowires. As shown in sections
7.1 and 7.2, the field e ect mobility µeft increases with substrate temperature T sub and molecular
order, while the Vth and hysteresis diminishes. These results suggest that an improvement of the
electrical performance of the OFETs takes place when the substrate is heated (7.2) during the depo-
sition process of the organic semiconductor. The observed behaviour is in good agreement with ones
reported in literature for CuPc [35, 178].
The XRD analysis of CuPc films, on both SiO2 and SiN2x dielectric, has shown the films exhibit
a polycrystalline structure. As expected, the XRD scans have also shown an increase in grain size and
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crystallinity with increasing T sub [chapters 4 and 6]. While the carrier µ is low within polycrystalline
films due to the scattering e ect of the grain boundaries, the µ is increased within larger crystallite
structures (see section 1.4.4 on grain boundary e ect). The increase in carrier mobilities µ and
improvement of Vth and hysteresis, with increasing substrate temperature T sub, can thus be attributed
to the improved molecular order and less grain boundaries. These findings are in agreement with those
reported in literature on dependence of µ and Vth with T sub and morphology [19, 35, 175]. In related
studies of molecular materials [18, 19, 35, 98, 142, 150, 175], Shtein et al. have also investigated role
of morphology and grain boundaries on the electrical characteristics of OVPD pentacene thin film
transistors. The authors reported an increase in field e ect mobilities and drain current on/o  ratio
with an increase in grain sizes [18].
Although several studies have shown an improvement of electrical transport properties of CuPc
films using thin films and various fabrication techniques such as OMBD and OVPD, the use of SiO2
and SiN2x dielectrics at significantly high T sub have not yet been reported. To author’s knowledge no
studies have been reported for CuPc FETs fabricated at T sub of 350 ¶C. The slight decline in device
performance, compared to devices grown at T sub of 200 ¶C, maybe attributed to the nature of trap
states that are related to structure defects. However, it is likely that the traps are coupled with the
—-phase structure of CuPc [see section 4.2]. It is also worth mentioning that the conductivity of Pc
materials depend on their crystal structure [51], which is likely due to the overlapping in the ﬁ - ﬁú
stacking that is higher in the –-phase compare to that in the —-phase.
In addition to the thin film devices, CuPc nanowire devices were also prepared. The transport
properties of the ÷-CuPc 1D nanowires transistors are presented in section 7.3. As expected, the results
show further improvement of electrical performance. Compared with thin films the CuPc nanowires
exhibit a long range order that is believed to favour a high charge carrier mobilities [106, 152]. A
strong correlation between the mobility and the nanowire morphology was also observed by Tang et
al. [104, 105, 158, 162]. In contrast to our work, the reported data is only available for single nanowire
FETs that are either – or —-phase of CuPc.
7.5 Summary
In summary, we present a comprehensive study of CuPc thin-films and nanowires based field-e ect
transistors (FETs) fabricated in range of conditions using OMBD and OVPD. Thin films of CuPc
were characterised in organic thin film transistor (OTFTs) structures. Initially, thin-film transistors
were fabricated using high vacuum evaporation of CuPc on range of transistor substrates at room
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temperature. Although the transistor characteristics proved poor performances in comparison to
that shown previously for CuPc thin-film transistors, the devices performed reasonably well with
good transistor behaviour. The influence of SiNx gate dielectric on the CuPc thin-film transistors
characteristics was also investigated with respect to the substrate temperature, channel length and
width. The results agree with that observed for SiO2 and shows that SiNx is a very promising candidate
for use as a dielectric layer in organic electronic devices.
In section 7.2, organic vapour phase deposition (OVPD) is employed to deposit highly ordered
polycrystalline CuPc films in the channels on SiO2 and on SiNx gate dielectric transistor substrates.
Deposition conditions were previously optimised and used in here to controllably produce CuPc films
containing larger grain sizes. Depending on substrate temperature during deposition, the morphology
and crystallinity of the CuPc varied, such that OPVD fabricated thin-film transistors exhibited im-
provement over the devices fabricated using OMBD. The charge-carrier mobilities µsat ranged from
0.7 ± 0.1 to 7.0 ± 0.5 ◊ 10≠3 cm2/Vs, increasing with average CuPc grain size. Similarly, variations
in hysteresis and Vth voltages were also noticed with minimum average values obtained for devices
fabricated at 200 ¶C, which is likely due to variation in film thickness and uniformity. However, high
drain-current ID on/o  ratios ranging between ≥105 and 106 are obtained. The characteristics of
these OFETs are also found to be highly reproducible and stable.
OVPD is also used to grow CuPc nanowires (÷-phase) directly on transistor devices and charac-
terised as one of the promising alternative for low cost fabrication of field-e ect transistors. Device
exhibit excellent transistor characteristics with low-threshold, sharp turn-on, less hysteresis and high
on/o  current ratios. The mobilities, however both in linear and saturation regime are very similar
and rang between 0.8 ± 0.1 - 1.6 ± 0.2 ◊ 10≠3 cm2/Vs, which are low compared to that reported pre-
viously for thin-film and single nanowire transistors of CuPc. This is mainly due to underestimation
of the active channel in transistor devices. Currently studies are being carried out by our group to .
At present we cannot control the precise alignment of nanowires which would otherwise improve the
transistor properties dramatically.
Chapter 8
Conclusions and Further work
This thesis has focused on investigating the growth mechanism of copper phthalocyanine (CuPc) thin
films and nanostructures for use in field e ect transistor devices.
This thesis first investigated the Organic Vapour Phase Deposition (OVPD) technique for CuPc
film growth in range of deposition conditions. Scanning electron microscopy (SEM), X-Ray Di raction
(XRD) and UV-Vis absorption techniques were used to analyse the obtained films and relate those
results to the growth conditions. We were able to change the film thickness, morphology and crystal
phase independently. The film thickness and deposition rate increased exponentially with decrease in
source-to-substrate distances "d" by relation: L = L0 + A.exp≠rd
Where L0 (nm) is the minimum film thickness at infinite distance d, A (nm) is film thickness
constant that depends on the film growth conditions (including deposition time) and r is relative rate
constant [calculated value of r = 0.15 ± 0.02 (cm≠1)].
The thesis then presented a study on CuPc film growth for di erent types of substrate including
field-e ect transistors (FETs). It was found that on non-interacting substrates, (i.e., ITO, SiNx and
Kapton) films adopt –-phase of CuPc at low substrate temperature and —-phase at high substrate
temperature. All films were textured with stacking axis parallel to substrate which show consistency
with earlier investigation. For films on interacting (Au) substrates flat-lying orientation of molecules
adopting the –-phase was observed and had no e ect of high substrate temperature during deposition.
A study of CuPc nanowires growth and characterisation is then presented. These nanowires
are only obtained with the substrate temperature close to ambient conditions. The corresponding
morphologies varied from individual wires to amass branches with diameters between 10 - 100 nm and
length up to ≥4 cm. Combined investigation of UV-Vis absorption, Transmission Electron Di raction
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(TED) and XRD measurements indicate that CuPc nanowires adopt a new phase which is named ÷-
phase of CuPc. This new polymorph shares many properties of other known phases of CuPc such as the
density and columnar arrangement of —-CuPc, the stacking angle of – and in-stack molecular overlap of
“-CuPc. These are also found to be very flexible and robust, the integrity of these nanowires is studied
by UV-Vis absorption and SEM showing wires morphology is conserved post growth manipulation.
Growth of CuPc films (50 and 100 nm) was also investigated using high vacuum Organic Molecular
Beam Deposition (OMBD). For films deposited on di erent substrate type (i.e., Glass, ITO, SiNx and
Au) and at room temperature, identical results were obtained in all cases. SEM and XRD peak
patterns indicate these film are –-phase and are made of spherical grain morphology. For CuPc based
FET devices smooth films were characterised by an AFM (RMS roughness RRMS = 1.29 nm for 50
nm film). Furthermore, It is found that by successive growth of films produced by OMBD and OVPD,
the molecular orientation can be controlled by the first seed layer.
In the final study, a comprehensive study of CuPc thin-films and nanowires based field e ect
transistors (FETs) was presented. It is found that the charge transport and hole mobilities are greatly
a ected by the morphology, crystallinity and material coverage in the active channel of the device.
Excellent transistor behaviour is found in OVPD fabricated CuPc film and nanowires OFETs. A
quantitative understanding of the charge transport in CuPc FETs, except for OMBD grown devices,
is currently limited by the uncertainty in the value of the channel coverage of the FETs and the
non availability of accurate channel width size for NWFETs. However, the important result that has
been obtained is the demonstration of low threshold voltage, high on/o  ratios, small hysteresis and
improved charge transport. For NWFETs, the field e ect mobilities are found in range of 0.8 ± 0.1 to
1.6 ± 0.2 ◊ 10≠3 cm2/Vs. Preliminary data and image analysis suggests that the mobilities could be
an order of magnitude higher and therefore require further analysis work.
Beyond the experimental techniques employed for this thesis, other techniques may be of impor-
tance. Temperature dependent current-voltage characterisation of FETs could be used to study the
di erences of charge carrier mobilities for di erent morphologies and to compare these results to the
OFETs measured at room temperature. Also, electrical measurements under applied external magnetic
field maybe used to observe the magnetoresistance (MR) e ect. An important study for the future
is to determine the orientation of CuPc molecules within films on Au substrate by X-ray absorption
spectroscopy (NEXAFS). Information about the tilt angles between the substrate and molecular plane
can be obtained from NEXAFS data. In addition, first principle calculation based on density function
theory (DFT), like the one reported by Hu et al. [43], would be an added quantitative analysis for de-
tailed understanding of molecular orientations of phthalocyanines on Au substrates. The conductivity
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of flat lying CuPc molecules on Au substrate, in MIS diode device structure, will be also very useful
to study the semiconducting properties further and investigate the field-e ect behaviour in general.
Furthermore, the growth mechanism of other metal phthalocyanines and metal-free H2Pc on Au will
be worth while investigating. Copper Phthalocyanine nanowires are quasi 1D structures that showed
improved charge carrier mobilities compared to thin films. These one dimensional (1D) nanowires
have a potential to be integrated in structures with a flexible substrates and methods using low-cost
processing techniques. In the context of future technological expectations, it would be of interest to
test the chemical, physical, electrical and magnetic properties of phthalocyanine nanowires for device
applications. The possibility of making field e ect transistors based on single CuPc nanowire will be
explored and later extend to study other metal phthalocyanines.
In summary, this thesis provide detailed study regarding CuPc thin film and nanowires growth
and device fabrication. Di erent polymorphs with high interfacial areas of phthalocyanines have been
fabricated. The nanostructures exhibit a broad absorption extending into the red, which could be
advantageous for photovoltaic applications. In the long run, the knowledge gained from this thesis
will also provide guidance for the design, fabrication and optimisation of organic molecular devices,
including photovoltaic and spintronic devices. Further work is still required to study these films,
nanowires and devices in greater depth.
Appendix A
CuPc polymorphs and scattering angles
In the solid state, more then 10 di erent polymorphs of CuPc have been reported, including – [45, 50]
and — [46] being the most common ones. The list of reported polymorphs also includes “, ”, ‘, M, ﬁ, R,
ﬂ, ‡ and ’ phases [49, 168, 186]. Table A.1below summarises the scattering 2◊ angles (¶) of the most
noteworthy peaks in powder X-ray di raction patterns from commonly known CuPc polymorphs. The
cited values may vary by as much as 0.2¶ [49].
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Table A.1: List of 2◊ scattering angle (¶) of the most notable peaks in the powder X-ray di raction
patterns from the commonly known CuPc polymorphs [ ◊ - 2◊ configuration and X-ray ⁄ = 1.54Å].
–H –A — “ ” ‘ M ﬁ R ﬂ ‡ ’
- - - - 5.5 - - 5.1 - - 5.0 -
6.8 6.8 6.7 - - 6.6 - - - -
7.4 7.4 7.0 7.5 - 7.7 - - 7.6 - - 7.0
- - - - - - - 8.8 - 8.6 8.7 7.2
- - 9.2 9.7 - 9.2 - 9.0 9.1 - - 9.7
10.0 10.0 10.6 10.4 10.1 - - 10.0 - - 10.0 10.2
- - - - 11.8 11.4 - 11.0 - - - -
- - 12.6 - - - - - - - - -
- - - - - -14.3 - - 14.2 - - -
15.7 15.6 - 15.9 - - - 15.6 - - - -
16.2 16.3 - - - 16.9 - - 16.8 - - -
- - - - - 17.5 - 17.1 17.5 17.2 17.3 -
- - 18.2 - - 17.8 - - - 18.3 18.4 -
- - 18.7 - - - - - - - - -
- - - - - - - - 20.4 - - -
- - 21.5 21.3 - 21.9 - - 21.9 - - -
- - 23.1 23.9 23.5 23.6 - 23.5 23.6 23.2 23.2 -
24.1 24.9 23.9 24.7 - - - - - - - 24.7
25.1 - - - 25.4 - 26.0 25.2 - 25.3 25.4 25.8
26.6 26.2 26.3 26.3 - - 26.4 26.7 - 26.5 26.8 26.7
27.5 - - 27.9 - 27.1 - - 27.0 - - -
- 28.1 28.1 28.2 - 28.4 - - 28.4 28.8 28.5 -
- - 30.6 - - 30.3 - 29.0 30.2 - - -
Appendix B
CuPc NWs FETs
In here, typical characteristics of many CuPc NW FETs from a single chip are presented. The summary
is kindly provided by James Stott, whose thesis will focus in depth analysis of many di erent devices.
The ones that are missing were damaged before or during I-V measurements.
p+-Si gate 
CuPc NW 
SiO2 dielectric (300nm) 
Au (50nm) 
Ti (1nm) 
 5 µm 
10 µm 
15 µm 
20 µm 
25 µm 
50 µm 
      #1   2   3   4           5   6   7   8 
6 channel lengths (5-50 µm) 
 
All channel widths are 500 µm 
 
8 devices of each length (48 
per chip) 
 
Device numbering: 
If short channel (5 µm) is at the 
top, numbers run left to right. 
If short channel is on the right, 
numbers run top to bottom. 
 20 µm #4 
Figure B.1: Layout of CuPc NWs fabricated field-e ect transistors. Each row is made up of eight
devices with same channel lengths, channel length vary between rows while the channel width is the
same (50µm). Devices with channel lengths between 5 - 20µm are shown here.
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